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PREFACE 



Tms second volume on surveying is chiefly devoted to a con- 
sideration of the various methods of conducting topographic and 
hydrographic surveys. While certain subjects taken up in this 
book might properly be included in an elementary treatise, the 
arrangement adopted has the decided advantage of grouping 
together and treating in a connected manner the different topo- 
graphic and hydrographic methods. 

The subject matter is divided into four parts, namely: The 
Control of the Survey, Filling in Topographic Details, Hydro- 
graphic Surveying and Stream Gau^g, and Constructing and 
Finishing Maps. 

In the first part some consideration has been given to Geodetic 
Surveying, not only to show the methods of controlling the accuracy 
of the survey, but also to connect the diflferent methods taken up in 
Parts II and III and to show their relation to the survey as a 
whole. It is not the intention in any sense to present a treatise 
on Geodesy, but rather to discuss the subject from the standpoint 
of the practical surveyor. The matter is therefore limited to 
what any surveyor without imusual equipment might be expected 
to apply. 

In Part II the methods of making topographic surveys are 
considered, including the stadia, plane-table, and photographic 
methods. In the chapter on The Plane Table an attempt has 
been made to show that this method has advantages which 
apparently are not appreciated by many surveyors and that its 
use might be much more general than it is at present. In the 
description of field methods a comparison has been made of the 
methods required for maps of different scales. In regard to 

iii 



IV PREFACE 

Photographic Surveying nothing has been attempted beyond an 
explanation of the fundamental prindples involved in this method. 
In the chapter on the Relation of Geology to Topography, written 
by Professor D. W. Johnson, the subject of topography is treated 
from a point of view that is coming to be more and more appre- 
ciated by expert topographers. The importance of geological 
study to the topographer is now much emphasized by those 
recognized as authorities. The illustrations for this chapter were 
drawn by F. E. Matthes, Topographic Inspector, United States 
Geological Survey, to whom the authors are especially indebted. 

The chapter on Hydrographic Surveying treats of the common 
methods of conducting harbor and river surveys. Some of the 
up-to-date methods have been explained in detail and are illus- 
trated by several sets of field notes. For valuable suggestions on 
this subject the authors express their thanks to John R. Burke, 
formerly Assistant Engineer, Massachusetts Harbor and Land 
Commission, and to A. J. Ober, Assistant Engineer, United States 
Engineer Office. Chapter IX, on Stream Gauging, was written 
by H. K. Barrows, Engineer United States Geological Survey, who 
for several years has been in charge of the hydrographic work 
in New York and in New England. Thanks are due also to 
Professor W. E. Mott of the Massachusetts Institute of Tech- 
nology for his criticisms of the manuscript of this chapter. 

In the last two chapters the common methods of constructing 
and finishing topographic and hydrographic maps have been 
described. The details of making conventional signs have been 
described rather fully and some consideration has been ^ven to the 
use of S)mibols on landscape plans. Several illustrations of topo- 
graphic maps on different scales have been introduced. 

The authors desire to acknowledge their indebtedness to all who 
have aided in the preparation of this book, especially to Professors 
C. Frank Allen, A. G. Robbins, C. W. Doten, and A. E. Burton 
of the Massachusetts Institute of Technology for criticisms and 
valuable suggestions. 

The authors wish to express their appreciation of the excellent 
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work of W. L. Vennard, who prepared the illustrations, and of 
Miss Edith T. Hosmer, who read all of the proof. 

For the cuts and electrot)rpes which have been loaned for use 
in this volume acknowledgment has been made in each case under 
the illustration. 

The authors will be grateful for notification of any errors which 
may be found. 

C. B. B. 
G. L. H. 

Boston, Mass., July, 1908. 
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CHAPTER I. 

TRIANaXTLATION. 

1. TRIANGULATION. — In making surveys of large areas it is 
necessary to establish a few points with great precision in order 
to insure the accuracy of the survey as a whole. Traverses are 
not suitable for this purpose, since the sights must in general be 
short, and the accumulated error in traversing long distances 
becomes too large. The most accurate and most economical 
way of locating points for the purpose of controlling the survey 
is by means of a system of triangulation, i.e., a series of triangles 
in which a side of one triangle and all of the angles in each triangle 
are measured; all other lines in the system may then be calculated 
by trigonometry. 

2. SYSTEMS OF Triangulation.* — The particular form of 
the triangulation system adopted will depend upon the purpose of 
the survey and also upon the character of the country. If a 
survey extends chiefly in one direction, such as the survey of a 
river, the most rapid way of covering the distance is by means of 
a simple chain of triangles, each triangle being made as nearly 
equilateral as the conditions will permit (Fig. i ). In this system 




Fig. 1. Simple Chain of Triangles. 

the only check on the accuracy of the work is that of the sum of 
the three measured angles of each triangle. 

If the object desired is to survey a broad area rather than a 

* For a study of the relative advantages of different systems, see United States 
Coast and Geodetic Survey Report for 1876, Appendix 20 ; also Chapter II of 
Crandall's" Geodesy and Least Squares," published by John Wiley & Sons, New 
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4 TRIANCULATION [Chap. 1. 

narrow ntrip, then a system of central polygons may be used 
(»ee Fig. a). Such a system may properly be employed in the 




Fk;. 2. Ckntral Polygons. 

survey of a city or a stale. (See Chapter IX, Vol. I.) The 
lengths of some of the lines in this system may be computed 
independently by using different sets of triangles, and thus serve 
an checks on the accuracy of the measurements. The system 
should not be made more complicated than is necessary to secure 
pmper chocks, so that the expense and the difficulties of calcu- 
lation may be kept within reasonable limits. 

The strongest system, i.e., the one having the greatest number 
of checks in pro|)ortion to the number of angles observed, is one 
consisting of a chain of quadrilaterals (Fig. 3). The chain is 




Chain or Quadril,\tkrals. 



similar to Fig. i» with the addition of diagonal lines which are 
inchuUxl for the purjx>se of giving other geometric conditions 



TRIANGULATION SYSTEMS 5 

which should be satisfied by the measurements. In any exten- 
sive survey these three systems, — the triangles, the polygons, 
and the quadrilaterals, — are usually combined according to 
circumstances. 

3. PRIMARY, SECOlfDARY, AUD TERTIARY TRIANGULATION. — 
Triangulation systems covering a large area, or extending over 
a long distance, such, for example, as that executed by the U. S. 
Coast and Geodetic Survey, are divided into primary , secondary , 
and tertiary systems, depending upon the size of the triangles 
and the purposes for which they are to be used. In the primary 
system the sights vary from 10 or 15 miles up to about 150 
miles, the length being determined by the topography and by the 
atmospheric conditions. By means of such a system a few well- 
distributed points, located with great accuracy, form the basis of 
the later work. From the sides of the primary triangles as 
bases a secondary system of triangles is laid out, the sides being 
shorter than those of the primary system, varying usually from 
5 to 25 miles in length. The accuracy of the secondary system 
is slightly inferior to that of the primary. As the lines of this 
system are often too long to be conveniently used for the detail 
work, a smaller, or tertiary, system is developed in like manner 
from the secondary lines. In the tertiary system, the principal 
use of which is to furnish points for topographic or hydrographic 
detail, the points are located with regard to convenience in 
mapping the details rather than for accuracy, extreme precision 
being a minor consideration because nothing depends upon these 
points except topographic details. The tertiary triangles may 
have sides anywhere from half a mile to 5 miles in length. 

The above description applies to an extensive survey, where 
the primary system is planned wholly with reference to accuracy 
and the tertiary system is laid out with reference to locating 
details. In comparatively small surveys it may often be advisable 
to omit the primary, and perhaps the secondary, system, since 
the tertiary system of triangles gives sufficient control. 

4« Base-LINB. — In any system there must be at least one 
line whose length is known, called the base-line. Many surveys 
consist in extending a new system of triangulation from some 
triangle side which has already been determined, such, for 
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example, as a line established by the U. S. Coast and Geodetic 
Survey. In such a case this line becomes the base for the new 
system; but if no such line can be obtained, it will be necessary 
to measure a long line and to connect it by means of triangles 
with the main system of triangulation. If the triangulation 
system extends over so long a distance that the accumulated 
error may become excessive, it is advisable to measure additional 
bases at intervals to serve as checks on the accuracy of the 
work. 

5. RECONNOISSANCE FOR TRIANGULATION SCHEME. — The 
task of reconnoitering the country and planning the system is one 
which requires great skill, and the accuracy obtained in the final 
results depends largely upon the judgment used in laying out the 
triangulation scheme. The equipment for this work consists of 
light portable instruments, such as pocket compasses, aneroid 
barometers, heliotropes, field glasses, etc. All available data, 
such as sketch maps and barometric heights, should also be 
carried into the field by the reconnoitering party. 

In new country, where little is kno>\Ti of the topography, it will 
be necessary to visit the highest elevations and to note by means 
of sketches the prominent mountain peaks and hills that are 
visible, taking their magnetic bearings, and estimating their 
distances, noting also which ones are in favorable positions for 
triangulation stations. After several such points have been 
examined, a fair idea of the relative position of the dififerent hills 
or mountains is obtained; and from the bearings or angles 
measured a sketch map may be made and the triangulation 
scheme laid out. It should be kept in mind at all times, however, 
that the accuracy of the result depends largely upon the shape 
of the triangles. When it can be avoided, angles less than 30 
degrees should not be used. 

In a country which has been partly covered by triangulation, 
or which has been roughly sur\'eyed, maps of a greater or less 
degree of accuracy can usually be obtained. These may be 
used as a basis for the preliminar)- scheme, but all lines so laid 
out should be carefully examined in the field before being finally 
adopted. Lines passing near the surface of the ground, especially 
near cities, are to be avoided, if possible, on account of thQ 
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irregular atmospheric refraction and the delays in observing due 
to smoke, etc. 

The reconnoitering party should also make notes in regard to 
condition of roads leading to the triangulation stations, and any 
other information which will be of use in carrying out the 
subsequent work. 

6. Selecting Triangulation Stations. — In selecting stations 
the most elevated points will naturally be chosen, provided their 
location is such as to give well-shaped triangles; the selection of 
low points frequently makes necessary the construction of towers 
or high signals. Wherever it is practicable, such objects as 
church spires, standpipes, cupolas, etc. are utilized for the sake 
of economy. Where such points cannot be occupied with the 
instrument, however, they should not be used except in the 
tertiary system. 

7. RECOimoiSSANCE FOR BASE SITE. — When the positions 
of the principal stations have been decided upon, the location of 
the base-line should be chosen. In case of the extension of a 
system already in existence, the base may be a side of one of the 
triangles. If a base is to be directly measured, the location must 
be carefully selected with reference to convenience and accuracy, 
both in the measurement of the base itself and in its connection 
with the main triangulation. For convenience it should be on 
comparatively level ground, although so far as accuracy is con- 
cerned it is possible to do good work on steep grades. If better 
shaped triangles can be obtained by placing the base on rough 
ground it may be advisable to do this. Narrow gulleys will not 
be serious obstacles to the measurement, provided they can be 
spanned with the tape. 

The length of the base is usually from one-sixth to one-fourth 
of that of the sides of the primary triangles. The ends should 
be located so that the base can be connected with the main 
scheme by a few well-shaped triangles. This system of triangles 
connecting the base with the triangle sides is called the base net, 
or the expansion. If the triangulation covers a small area, such 
as a town, the base may be long in comparison with the length 
of the triangle sides, and no elaborate base net is necessary (see 
plan of Baltimore triangulation, p. 258, Vol. I). 
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The ideal expansion is one in which the base-line crosses 
the triangle side as shown in Fig. 4. By this arrangement 
the triangles may be made more neariy equilateral. In prac- 
tice, however, the arrangement of triangles is largely deter- 




FiG. 4. Base Net. 

mined by the topography, and the ideal expansion can seldom 
be realized, as illustrated by the Massachusetts Base and the 
Fire Island Base (Fig. 5), in the U. S. Coast Survey triangulation 
of New England. 

8. MARKING THE STATIONS. — All stations should be marked 
in such a manner that the points can be identified with certainty 
and that they are not likely to be disturbed. Triangulation 
stations are frequently marked by drill-holes. At important 
stations a copper bolt is usually driven into the hole. Where 
the point is not on ledge the station may be marked by a stone 
monument with a drill-hole in the top for a surface mark, and a 
circular piece of earthenware or stone placed several feet below 
the surface to be used in resetting the surface mark in case it is 
disturbed or destroyed. 

In addition to the surface and sub-surface marks there should 
be several witness marks placed at some distance from the station 
and preferably near boundary walls or fences where the marks 
will probably not be disturbed. These often consist of drill- 
holes in ledge, with squares cut around them to distinguish them 
from the center mark of the station which has a triangle cut 
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Fig. 6. Base Nets of the Triangulation of New England. 
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around it. The azimuth and distance to each witness mark are 
determined and recorded. 

9. Signals. — The kind of signal used at the triangulation 
station will depend upon the length of line to be sighted over, the 
frequency with which the station is to be occupied, the material 
available for building the signal, the difficulty of transportation, 
and the nature of the ground at the station. 

ID. Tripod Signal for Triangulation. — If the station is on a 
bare summit and the point is to be occupied frequently, as in 
the case of a primary or a secondary station, the tripod signal 
(Fig. 6) is the best. This consists of a mast 16 to 24 feet long, 
made of 4 by 4-inch joist, supported by three legs of about the 
same size as the mast, the parts being secured by six braces. 
Three of these braces secure the foot of the mast to the tripod 
legs; the other three stiffen the tripod. The mast and the tripod 
legs are fastened together by means of a bolt. The lower end of 
the mast is usually 7 or 8 feet above the ground so that the instru- 
ment used for measuring the angles can be set beneath the signal. 
The center of the lower end of the mast is carefully placed over 
the point used to mark the station, and the mast is made vertical 
by means of either a plumb-line or a transit. The mast may be 
painted with black and white strips about 2 feet long to aid in 
identifying the signal and in making pointings. Such a tripod 
signal may be used for distances up to about 10 or 15 miles, and 
under favorable atmospheric conditions it can be seen even 
farther than that. 

Before placing the signal in position it will be found convenient 
to lay off angles of 120 degrees by means of a transit set over the 
station mark. In this way the positions of the tripod legs may 
be determined, and at the same time the directions of other 
stations may be examined so that none of the tripod legs will be 
on line to interfere with the observations. The distances out 
from the center mark to the foot of the tripod legs will depend 
upon the dimensions given to the signal. The dimensions of 
the signal should be worked out beforehand, on the supposition 
that the ground is level, and the length of one or two of the tripod 
legs afterward shortened, if necessary, to fit the ground. The 
three legs and the mast are laid on the ground and the bolt passed 
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Fig. 6. Tripod Signal for Triangulation. 
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through all four at the head of the tripod as shown in Fig. 7, the 
lower ends of two of the legs being nearly in their final position. 
Before the tripod is raised the length of the mast should be 
measured and recorded for future reference. The head of the 
tripod is then raised, the feet of the two legs being kept in position 
while the foot of the third one drags on the ground until it is 




Fig. 7. Plan of Tripod Signal before being Raised. 

brought into its proper place, the top of the mast still resting on 
the ground. The mast is then brought into position by means 
of a rope, which is tied to the foot of the mast when the signal is 
lying on the ground, and by pulling down on it so as to rotate the 
mast about the bolt, as shown in Fig. 8. When it is nearly 
vertical the foot of the mast is secured to one of the legs by means 
of a short brace. Before the other braces are finally nailed in 
place the mast is carefully plumbed and centered over the station 
mark. After the braces are nailed on, it should be tested to 
see that it is in the correct position. The final plumbing is 
accomplished by shortening one or two of the tripod legs or by 
digging away the earth under them. 

The tripod should be secured to the ground by some means so 
that the wind will not move or overturn it, for signals are usually 
built in exposed places and are subjected to very great strains in 
high winds. If the station is on ledge the legs may be secured 
by means of anchor bolts driven into drill-holes in the rock. If 
the lower ends of the bolts are split and small wedges inserted, 
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the bolts when driven in will spread and hold securely. If the 
station is on soil or gravel, cross-pieces may be nailed to the 
tripod legs at the ground and weighted down by piles of stone. 




Fig. 8. Raising the Mast of a Tripod Signal. 



The 4 by 4-inch mast may be extended upward and also 
increased in width without greatly adding to the weight by 
naiUng on four i by 5-inch boards, making the mast 6 by 6 inches. 
These strips may be extended above the central piece, thus 
forming a hollow box which will considerably increase the height 
with only a slight addition to the weight of the mast. 
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Another device for increasing the width of the signal, 
used on moderately long sights, is as follows. Alternate 
black and white cloth squares stretched on frames are 
nailed to a strip of wood and fastened to the mast on 
the side toward the observer, as shown in Fig. 9. This 
can be sighted upon from only one direction at a time 
and is used only when there is an assistant at the signal, 
who, upon receiving a message from the observer, places 
these squares temporarily on the mast, removing them 
when the angles are finished. 

Where lumber is not available a good signal may 
be made from green poles cut near the station, the mast 
being bolted to the legs as already described. 

II. Tripod Signal for Topographical Surveying. — 
When the signal is to be of a temporary character, as 
in the case of topographical work, it may be made of 
Fig. y. green poles and built in the same manner as the tri- 
angulation signal, except that all the pieces are nailed together 
(Fig. 10). The foot of the mast is placed high enough so that 
the instrument can be set up underneath. 

In building this signal the mast is laid on the ground and the 
top of one of the tripod legs is spiked to it 5 or 6 feet above the 
butt of the mast, the angle between the two being about 30 
degrees. A short brace is then nailed to the foot of the mast and 
to the tripod leg so as to form a right angle at the foot of the 
mast. The second leg is raised and held in position while it is 
spiked to the mast and braced in the same way as the first one. 
The short braces should all be of the same length. A long brace 
is then nailed to the two tripod legs at or near the points where 
the short braces are fastened. This brace should be of such a 
length that the angle between the short braces is 120 degrees. 
The signal is then turned over and moved until the butt ends of 
the two legs rest nearly in the positions they are finally to occupy, 
the signal resting on three points, namely, the top of the mast 
and the ends of the two tripod legs. The third leg is then held 
in position overhead by two men, while it is nailed and braced. 
Before the signal is raised into position the flags should be tacked 
to the mast and the dimensions of the signal taken and recorded. 
The mast may be made more conspicuous by peeling oflF the bark. 
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Fig. 10. Tripod Signal for Topographical Surveying. 
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The signal is raised by pushing up on the mast or the tripod, 
with the aid of poles, until the signal is just balanced on the two 
legs. While it is in this position one man can reach the third 
leg and steady the tripod until the rest of the party can assist 
in lowering it to the ground. The signal is then centered over 
the point and plumbed, and the tripod should be secured by 
piling stone on cross-braces at the foot of the tripod. 
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Fig. U. Braced Mast Signal. 

12. Braced Mast Signal. — For very short lines, and especially 
where the station is to be seldom occupied, the mast may be set 
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directly on the surface and held in position by three or four 
braces as shown in Fig. ii. A flag on the top of the mast is 
frequently useful in identifying the signal, especially when such 
objects as white birch trees might easily be mistaken for the 
mast of the signal. The braces should be secured by stakes 
driven into the ground and nailed to the tripod legs, or by hori- 
zontal pieces weighted with stones. The disadvantage of this 
kind of signal is that when the station is to be occupied with an 
instrument the signal must be moved, or else the transit set at one 
side which necessitates additional calculations. (See Art. 46, p. 44.) 
A simple form of signal suitable for short lines is a 3 by 3 -inch 
mast braced by three wire guys from the top. A spike is driven 
into the center of the foot of the mast and is set into the drill- 
hole, or in a hole in the top of the stake marking the station, to 
keep it in place. A black or white band is placed near the top of 
the mast to sight on, and a flag at the top to identify the signal. 
This signal can be lifted out of the drill-hole and laid down so 
that the instrument can be set over the station without detaching 
the guys. The mast can be quickly put back into position after 
the angles at the station have been taken. 

13. Guyed Mast Signal. — When the hill is wooded or the 
signal is to be set in a low place surrounded by trees, a high 
signal may be erected by splicing two or three poles and bracing 
this mast in position by wire guys, several sets being used to 
secure the mast at different points (Fig. 12). A definite point 
near the top of the mast is selected as the point to be sighted on, 
and is marked by black and white cloth bands. A set of guys is 
secured at this point to keep it from swaying, and this portion 
of the mast is brought vertically over the station mark. The 
rest of the pole need not be over the station, and, in fact, it is 
more convenient to have the foot of the mast a little to one side 
of the station mark so that the instrument can be set up without 
disturbing the signal. A flag should be placed at the top to 
aid in finding the signal when observing on it from other stations. 

14. Observing Towers. — In flat country towers are necessary 
on account of the curvature of the earth's surface or of obstruc- 
tions such as woods. The offset from the tangent to the curve, 
due to curvature and refraction combined, is about 0.57 feet for 
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Fig. 12. Gxtyed Mast. 
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a point a mile away and varies as the square of the distance. 
(This offset is given in Table I, p. 387.) Hence in perfectly 
level country if towers 57 feet high are erected at each end of a 

line 20 miles long, the ^ stand for ughto 

line of sight between the I 1 ^f^^^ f loor 

tops of the two towers 
will just clear the inter- 
vening surface. In order 
to avoid the great atmo- 
spheric refraction near 
the surface, as well as 
obstructions to the line 
of sight, it would be 
necessary in practice to 
make the towers several 
feet higher than this. 

Such a tower usually 
consists of an inner 
tripod to support the 
instrument and an outer 
stand for the observer 
(Fig. 13). The two are 
built entirely discon- 
nected so that the ob- 
server will not disturb 
the instrument as he 
moves about on the ob- 
serving stand. If the 
tower is high the outer 
structure is secured by 
wire guys. 

15. Description of station. — When a station is estab- 
lished or a signal built, a written description of the stati6n and 
signal should be recorded in the note-book, accompanied by any 
sketches which will aid in identifying the point. The description 
of the station should be very complete and include such data as 
the name of the state, town, railroad station, name of hill, name 
of property owner, etc.; a sketch should be made indicating the 




"mrrfmrnrrrmrmmrwii^mmf 

SIDE OF SCAFFOLD 




JP 



SCAtC OF FCCT 



PLAN or 

SCAFFOLD AND TRIPOD 

Fig. 13. Observing Tower. 



From Cout Survey Report 
for 1882. 



20 TRIANGULATION [Chap. I. 

best way to reach the point, and also showing details around the 
station; the method of marking the point should also be described 
in detail. Magnetic bearings of the other triangulation stations^ 
as well as prominent objects near by, such as church spires, 
should be noted. The descriptions of witness marks together 
with their azimuths and distances jshould also be given. The 
dimensions of the signal, and the width of the black and white 
bands, should be given in the description; also the total height 
of the signal and the height of the foot of the mast above the 
center mark, in order that vertical angles taken from other sta- 
tions to any point on the mast may be reduced to the center mark. 
i6. Heliotropes. — On lines which are much longer than 
ten or fifteen miles tripod signals are not practicable. In such 
cases the position of the point is shown by means of sunlight 
reflected by an instrument called a heliotrope^ which consists of 
a plane mirror and some device for pointing the mirror so that 
the light may be seen at the distant station. Heliotropes are 
used not only to show the position of the station but also for the 
purpose of sending messages between the observer and the 
heliotroper. For these messages a simple code of flashes is 
improvised, as there will in general be but few messages required 
in this work, such as increasing and diminishing the light, name 
of next station to occupy, signal that the work is completed, etc. 




Fig. 14. Telescopic Heliotrope. 



17. Telescopic Heliotrope. — One common form of heliotrope 
(Fig. 14) consists of a telescope which has two rings of nearly 
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equal diameter attached to the top of it, with a mirror mounted 
behind these rings so that it can be moved both in altitude and in 
azimuth. In using this heliotrope the axis of the rings is pointed 
in the direction of the station and the mirror turned so that the 
shadow of the rear ring as seen on the front ring is concentric 
with the front ring. As the axis of the rings may not be parallel 
to the line of sight of the telescope there must be some means of 
pointing this axis accurately toward the distant station. The 
parallelism of the line of sight of the telescope and the axis of the 
rings may be tested by sighting the telescope carefully at some 
nearby point on a vertical surface and then throwing the light 
through the rings and noting the position of the point with 
reference to the ring of light. Allowance must be made for the 
distance between the axis of the rings and the axis of the telescope. 
The rings may be adjusted or the error may be allowed for 
simply by estimation. The rings may be pointed, however, with 
sufficient accuracy without the use of the telescope by marking 
the centers of the rings with threads, like cross-hairs, and pointing 
directly by means of these. 

i8. Improvised Heliotrope. — A serviceable heliotrope may 
be made by constructing a wooden apparatus similar to that 
shown in Fig. 15, having two holes bored in the upright pieces. 




Fig. 15. Improvised Heliotrope. 



The rear hole should be slightly larger than the front one. 
Threads are stretched at right angles across the holes to mark 
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their centers. For reflecting the sunlight any ordinary mirror 

so mounted that it can be moved in altitude and in azimuth will 

serve the purpose. Such a heliotrope has 

proved satisfactory on lines 25 miles or 

more in length. 

19. Steinheil Heliotrope. — The Steinheil 
heliotrope (Fig. 16) is a very convenient 
instrument on account of its small size 





Fig. 16. Sti-uxheil 
Heliotrope, 



Fio. 17. Diagram of Steinheil 
Heliotrope. 



and also because it cannot get out of adjustment. It is par- 
ticularly useful for reconnoissance work; for the regular triangu- 
lation, however, many prefer the more substantial forms of 
heliotroj>e. It consists of a mirror, the two faces of which have 
been made parallel, mounted on a small frame haWng four 
dilTerent motions. At the center of the mirror a small portion 
of the silver is removed so that light can pass through the 
glass. In the frame below the mirror is a tube carr}ing a small 
biconvex lens and inside the tube at the focus of the lens is a white 
surface of chalk or plaster. In ojH^rating the instrument the helio- 
tn^jxT turns the tube A towanl the sun so that sunlight can 
shine down into the tube. The exact position is shown when 
the circle of light which shines through the opening in the mirror 
at B just tills a circular o^^ening at C The instrument is clamped 
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in this position. If the heliotroper then turns the mirror so that 
he can look through the opening B, from the back, he will see 
an image of the sun.* When the mirror is turned so that this 
image of the sun appears to cover the distant station, then the 
observer at that station can see the light from the mirror. The 
reason for this will be apparent from Fig. 17. 

The light from the sun S is reflected from the silvered surface 
of the mirror and proceeds to the station as shown at T. At the 
center of the mirror where the silver is removed the light passes 
down through the lens at C and is reflected at the plaster surface 
back through the lens.f When it strikes the back surface of the 
mirror it is reflected toward the heliotroper at D. Since these 
rays to D are reflected from the same surface as the rays to T 
which reach the distant station, and since the faces of the mirror 
are parallel, the rays D and T must be parallel. Hence when 
the sun's image appears to cover the station the reflected rays 
must be pointed in that direction. 

20. All heliotropes are provided with a second mirror which 
is used when the angle between the sun and the distant station 
is so great that satisfactory pointings cannot be made with a 
single mirror, as is the case when the sun is nearly behind the 
heliotroper. The second mirror is mounted on an independent 
support and in such a position that light can be thrown on the 
first mirror. 

The angle of the cone of rays sent from the mirror to the 
distant station is equal to the sun's apparent diameter, which is 
about 32 minutes. Hence it is not necessary to point the helio- 
trope with great precision; if it is pointed a few minutes to one 

* If the lens is a plano-convex (rather than a bi -convex), as is the case in some 
instruments, there will be a bright reflection from the flat surface of the lens.. This 
causes a second image of the sun brighter than the first and quite near to it. The 
heliotroper, however, can always tell which image to use by holding some surface 
in front of the mirror and noting which image appears in the center of the bright 
spot on this surface. The other image, which is not used, will ordinarily appear 
to fall on the surface at some distance from the flash of light. 

t The rays reflected from the plaster surface are necessarily parallel to the 
rays entering the tube, because both in entering and in emerging from the tube 
these rays are parallel to the line determined by the optical center of the lens and 
the image on the plaster surface. 
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side of the true direction sufficient light will still reach the other 
station. 

There should be some means provided for varying the apparent 
size of the mirror in order that the flash may always appear to 
the observer like a fine point of light, not like a large blur. This 
can be effected by placing diaphragms, made of sheet iron or of 
pasteboard, in front of the mirror, the size of the diaphragm 
used depending upon the length of the sight. 

21. Signals for Observing at Night. '*' — Angle measurements 
at night have been carried on by obser\ers of the U. S. Coast 
Sur\'ey, using acetylene lamps in place of heUotropes for signals. 
On account of the favorable condition of the atmosphere and 
the fact that the light is visible under nearly all weather con- 
ditions this method is both economical and accurate. The 
acetylene light is particularly adapted to this work because it 
always appears as a bright point and does not appear blurred as 
is the case with ordinary lights. 

22. Instruments for measuring Bases. — \ arious forms 
of bar apparatus have been used for base-line work of the highest 
accuracy, and until a few years ago such apparatus furnished 
the only means of making these measurements.f Experi- 
ments have shown, however, that base-lines can be measured 
with great accuracy by the use of the steel tape if the proper 
precautions are taken to determine the errors due to various 
causes, such as the error of the length of the tape on the U. S. 
Standard, and the variations in length arising from changes in 
temperature. 

23. U. S. Coast Survey Steel Tape Apparatus. — The tape 
apparatus commonly used by the U. S. Coast and Geodetic 
Sur\'ey consists of a 100-meter steel tape of a cross-section of 
6.34™™ X o.47™™.t The tape is supported upon stakes or tripods 
every 25 meters (sometimes every 10 or 20 meters). 

The tension is given to the tape by means of a spring balance 

* See Coast Survey Repwrt for 1Q03, p. 824. 

t For a description of various forms of base apparatus see U. S. Coast and 
Geodetic Survey reports for 1852, 1856, 1880, 1882, i8g2, i8<)7, and 1901. 

J In the base-line work on the gSth Mericlian in iqoo, 50-mcter tapes were also 
used and found to give fully as satisfactory results as the loo-meter tape. 
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(Fig. 18) which is secured to a vertical bar by a gimbal joint. 
The latter can be raised or lowered by means of a wheel-nut 
which works on a screw-thread 
on the bar. The lower end of 
the bar is connected by a uni- 
versal joint to a small platform 
on which the operator stands. 
The balance can be moved 
quickly either vertically or side- 
wise in order to place the tape 
in the proper position with 
respect to line and grade. A 
counterpoise is added so that the 
apparatus may be perfectly bal- 
anced before the tape is attached. 

The temperature is deter- 
mined by means of thermometers 
tied to the tape. The inter- 
mediate supports usually consist 
of stakes with wire nails driven 
at the proper heights. These 
stakes are carefully aligned by means of either a telescope or 
ordinary field-glasses. The end points of each tape-length are 
marked by lines scratched on metal plates placed either on heavy 
stakes or on tripods. The chief difficulty in using such an 
apparatus is to determine accurately the temperature of the 
tape. In bright sunlight the temperature indicated by the 
thermometers is not the same as that of the tape, and for this 
reason base measurements with such apparatus are usually made 
at night or in a drizzling rain, because the tape then assumes 
practically the same temperature as the air. 

24. In the spring of 1906 the Coast and Geodetic Survey 
conducted a series of base-line measurements, using tapes of 
nickel-steel alloy, called " Invar " tapes. These tapes have 
a coefficient of expansion of about .000 000 4 per i degree C. or 
roughly ^ that of steel. The advantage of this tape is that 
comparatively large errors in the temperature determination 
produce small errors in the computed length. The results of 



Fig. 18. U. S. Coast and Geodetic 
Survey Tension Apparatus. 
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these tests indicate that more accurate measurements can be 
made with the " Invar " tapes than with steel tapes, although 
the former have to be handled more carefully than the latter 
because the alloy is soft and the tape is easily bent. A report on 
these measurements will be found in the Coast Survey Report 
for 1907, Appendix No. 4. 

25. Massachusetts Institute of Technology Tape Apparatus. — 
A modified form of the steel tape apparatus described above 
has been used in an experimental way at the Massachusetts 
Institute of Technology. This apparatus consists of a 100- 
meter steel tape supported on stakes every 10 meters, together 
with a special tension apparatus and a special instrument for 
measuring the temperature of the tape, which is an electrical 
appliance known as the thermophone, invented by Messrs. Geo. 
C. Whipple and Henry E. Warren.* The thermophone is a 
form of Wheatstone's bridge, in which the measuring tape and 
a German silver wire form two arms of the bridge, while the 
remainder of the apparatus is enclosed in a small box of con- 
venient size and shape to carry in the field. 

Fig. 19 shows a diagram of Wheatstone's bridge. The 




H 

Fig. 19. Wheatstone's Bridge. 

current flowing from the battery divides at £, a portion passing 
through A and J?, and the remainder through C and D. These 
four parts. A, B, C, and D, are known as the " arms " of the 

* For a description of this instrument by the inventors, see Technology Quar- 
terly, 1895, Vol. VIII, p. 125, published by Massachusetts Institute of Technology, 
Boston, Mass. 
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bridge. If the ratio of the resistances in A and B equals the 
ratio in C and D, then G and H are at the same potential, and a 
galvanometer P placed between G and H will show no deflection. 
In the thermophone apparatus the steel tape and the German 
silver wire form two of the arms A' and B' '(Fig- 20), while 




[o] 
T 
Fig. 20. Diagram of Thermophone. 

the other two arms are the two segments of a piece of metal C 
and D' bent into an arc of a circle in contact with a metal bar at 
i/'. This bar can be moved about a central pivot so as to sub- 
divide the arc into the two segments, C and £>', whose resist- 
ances shall have any desired ratio. The galvanometer of the 
ordinary bridge is replaced in this instrument by a circuit 
breaker X and a telephone T so that any current due to the 
circuits not being balanced is indicated by a sound in the tele- 
phone receiver. The current is sent through the apparatus 
from a small battery of dry cells in the thermophone box. 

The tape, the German silver wire, and an ordinary insulated 
wire are all connected at the zero end of the tape. The ther- 
mophone is at the reading end of the tape and is connected with 
the tape and the two wires. The tape and the German silver 
wire are hung in S-shaped hooks covered with rubber tubing for 
insulation, the German silver wire being suspended a few inches 
below the tape on the same supporting stakes. The arm which 
is shown at W is connected with a pointer which moves around 
the face of a dial. The face of the dial has a temperature scale 
and also a scale of temperature corrections for a tape-length, 
expressed in millimeters. 
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The process of obtaining the temperature of the tape is as 
follows. The thermophone is connected with the tape and 
wires and the batteries switched in so that a current passes 
through the tape. By listening in the telephone receiver the 
operator will hear a buzzing sound, unless the resistances happen 
to be exactly balanced. By mov-ing the pointer around the dial 
a position can always be found where the sound will cease. The 
temperature then indicated on the dial is the temperature of the 
tape, and on the scale opposite the temperature reading is the 
number of millimeters to be added or subtracted. If the tem- 
perature of the tape were to change it would be found necessary 
to move the pointer to a different position in order to balance the 
circuits, i.e., the ratio of the resistances varies with the temperature, 
so that this ratio becomes the measure of the temperature of the 
tape and wire. In the usual arrangement of the thermophone, 
temperatures can be read to about a tenth of a degree Fahrenheit. 
The temperature thus found is the mean temperature of the 
entire tape. 

The idea of measuring the temperature by electrical means 
was first suggested by Mr. George A. Campbell in 1893, ^"^ 
experiments were then made with the ordinary Wheatstone's 
bridge. Soon after the invention of the thermophone Professor 
Alfred E. Burton began a series of experiments to determine 
whether this instrument was suitable for base-line work. The 
results of these tests indicated that the temperature of the tape 
could be determined by the thermophone with all the accuracy 
required in base-line measurements. 

The tension apparatus used with this tape, which was designed 
by Mr. H. C. Bradley in 1891, consists of a metal frame having 
the form of a cross (Fig. 21), at the center of which is a knife- 
edge resting in an angle of a small supporting frame clamped to 
a vertical iron bar. This frame has a joint which allows the 
knife-edge to be leveled, and by means of the clamp the whole 
apparatus may be raised or lowered and the knife-edge can be 
turned squarely across the line. The cross is provided with 
counterpoises for balancing it when the tape is not attached. 
The tape is attached to a cord which passes over a groove in the 
top arm and is fastened underneath to a ratchet wheel for taking 
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up the slack. The weight is attached to another cord which 
passes over a groove in the horizontal arm. These grooves are 
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Fig. 21. Bradley's Tension Apparatus. 



arcs of circles whose centers are at the contact of the knife-edge; 
hence any change in the length of the tape does not change the 
length of these two arms and the tension is therefore constant. 
The lengths of the two arms have a ratio of 2 to i, so that the 
tension on the tape is twice the weight applied. The weight is 
adjusted to give the normal tension for this tape when supported 
every 10 meters. (Art. 32, p. 33.) 

Such a tape apparatus as has been described was first con- 
structed at the Massachusetts Institute of Technology as the 
result of several years' experimenting in base-line measurement 
at the Summer School of Geodesy and Topography. In 1900 
this apparatus was tested on the Alice base-line in Texas by 
officers of the Coast Survey and was reported upon favorably by 
Mr. J. F. Hayford, Inspector of Geodetic Work. (See Report 
of U. S. Coast and Geodetic Survey for 1901.) 

26. Measuring the Base. — The process of measuriirg a 
base with the tape consists in first clearing out the line and setting 
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measuring stakes in line one tape-length apart. The line is 
then profiled in order to find the grade of each tape-length. The 
tape is supported at regular intervals (lo or 20 meters) on small 
stakes (lined in either by a transit or by a field-glass) by means 
of hooks hung on nails driven into the sides of the stakes so that 
the points of support are on a uniform grade. The zero end of 
the tape is then placed in position and the tension applied. 
Finally the readings are taken, the scale readings on the tape 
and the temperature readings being taken simultaneously. As 
soon as these have been completed the tape is carried forward, 
set up again, and the process repeated until the end of the line is 
reached. The intermediate points are marked by means of 
fine lines scratched on strips of zinc tacked to the tops of the 
measuring stakes. On all important base-lines the end points 
should be permanently marked by copper bolts set in stone 
monuments. The transfer of the end measurements from the 
tape to the end mark, or vice versa, should be made by means of a 
special apparatus called a cui-ojf cylinder,^ or by using a transit 
in two positions at right angles to each other and transferring 
the mark vertically downward to the permanent end mark. At 
least two independent measurements of the length of the base 
should be made. 

The accuracy required in the best base-line work may be set 
at about one part in 500 000, this being as precise as is necessary 
to make the base-line measurements consistent with the accuracy 
which can be obtained in the best angular measurements. 

27. Corrections to Base-Line measurebients. — Cor- 
rection for Slope. — In order to reduce the slope distance to the 
horizontal distance a correction must be subtracted depending 
upon the rate of grade. For flat grades it is customary to deter- 
mine the difference in elevation by leveling. The correction may 

be conveniently found by the expression , where h is the dif- 

2 L 

ference in elevation of the ends of the tape and L is the length of 

the tape. (See foot-note. Vol. I, p. 13.) If the grade exceeds 

* For a description of the cut-off cylinder see U. S. Coast and Geodetic Sun-ey 
Report for the year 1892, p. 343 ; also Professional Papers, Corps of Engineers, 
U. S. Army, No. 24. 
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about 3 per cent the following more accurate formula for the 

(A' A*\ 

— T "^ q~tI\ ^^ ^^^^ ^^ ^^^y steep grades 

the correction may best be found in terms of the vertical angle a, 
by the expression — 2 L sin' \ a. 

28. Temperature Correction. — The correction for tempera- 
ture is made by adding to the length of the tape the quantity 
ioo»n X k X {t^ — t^) where k is the coefficient of expansion 
of the tape; t^ is the temperature at which the tape is of standard 
length and t^ the observed temperature. 

29. Reduction to Sea Level. — In order that the lines of the 

triangulation shall refer to the surface of the earth at sea level 

the lines will all require a slight reduction. Since all other lines 

are derived from the base by calculation, all the lines will be 

reduced to sea level without further correction if the base itself 

is first reduced. The approximate formula ordinarily used for 

h 
this reduction is — B — y which may be readily deduced from the 
R 

fact that in a sector of a given angle, arcs are proportional to the 

radii. B is the measured length, h the altitude above the sea 

level obtained by leveling, and R the radius of the earth at the 

point in question. [An average value for log R (in feet) = 

7.32068; log R (in meters) = 6.80470.] 

30. Correction for Sag. — The tape hangs between the points 
of support in a curve known as the catenary, and the distance 
between supports is less than the length of tape by a quantity 
called the correction for sag. The shortening of the tape due to 

sag may be found from the expression ^ X n X -^ X P * 

where / = the length of a span between points of supfxjrt 
n = the number of spans 
w = the weight of a unit length of tape 
/ = the tension given to the tape 

The quantities w and / must be expressed in the same units. 



* For a discussion of Uie theory of steel tapes see a paper by Professor R. S. 
Woodward, U. S. Coast and Geodetic Survey Report for 1892, p. 480. 
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The expression may be put in the form — ( — j , where L is 

the length of the tape. 

This correction may be derived as follows. Since the supports 
in this work are not far apart the sag of the tape is small and the 
curve may therefore be safely regarded as a parabola. If we 
consider the forces acting on a section of the tape at a point half 
way between supports, and take moments about the point of 
support we have 

wl I , 
2 4 

where v is the sag of the middle point of this section of the tape 
below the supports. 

Hence "t'^ t— (fl) 

The length of the parabola expressed as a scries is 

8 z^ 



»-(.. •'^-.) 



3 



the remaining terms being negligible. 

Substituting in (b) the value of v obtained from (a) and comput- 
ing P — /, the shortening of this section due to sag, we obtain 



and, since nl = L 






where C« is the correction for sag for the whole tape. 

31. Tension. — The increase in the length of the tape, above its 
unstretched length, when a tension / is applied may be computed 
bv the equation 

c - ^ 
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in which 5 = the cross-section of the tape and E = the modulus 
of elasticity of the tape. 

The increase in length due to an increase in tension is found 
by the formula 



AL = + 

S.E 



12\t) t 



in which A/ = the increase in tension. 

32. Normal Tension. — By equating the expressions for sag 
and increase in length a value of / can be found at which these 
two corrections just neutralize each other. Equating and solv- 
ing for / we have 

where t^ is the tension at which these corrections are equal, and 
is called the normal tension. By far the most accurate way of 
determining the length of the tape, however, is to compare it in 
the field with a standard of length which has been determined by 
means of standard bars, the tape apparatus being used under 
exactly the same conditions which are to exist in the field, thus 
eliminating all uncertainties in these corrections. 

33. Instruments for Measuring Horizontal Angles,— 
There are two types of instrument used in triangulation work for 
measuring horizontal angles, the repeating theodolite and the 
direction instrument. The former is constructed on the same 
principles as the ordinary transit. The direction instrument is 
so constructed that the repetition method of measuring angles 
cannot be used, the directions of the various signals being read on 
the circle by means of micrometer microscopes. The diameter 
of the circles of triangulation instruments varies from 6 inches 
to 30 inches according to the precision with which angles are to 
be taken. It is found, however, that there is little advantage in 
using very large circles, those of 10 or 12 inches in diameter 
gi\dng satisfactory results. Instruments designed for triangu- 
lation or astronomical work usually have three leveling screws 
instead of four as in the ordinary transit. An instrument sup- 
ported on three points has greater stability than one resting on 
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four points and is less liable to strains due to changes in tempera- 
ture and to other causes. 

34. Repeating Instrument. — With the repeating instrument 
the angle is read on two opposite verniers either to 5 or to 10 
seconds, the accuracy of the measurements being increased by 
repeating the angles. Such an instrument is shown in Fig. 22. 




Fig. 22. Repeating Instrument. 



In all its essential parts it is like the ordinary engineer's transit, 
excepting that like all other trlangulation instruments it has 
an extra heavy tripod with a broad head. The leveling screws 
rest in radial slots in the tripod head and the instrument is secured 
to the tripod by means of a central clamp and spring. A striding 
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Fig. 23. Direction Instrument. 

(From the catalogue of Bausch & Lomb Optical Co., by permission.) 
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level is usually provided with the instrument for leveling the 
horizontal axis in sighting at high altitudes or in astronomical 
work. 

35. Direction Instrumsnt. — The direction instrument 
(Fig. 23) has a circle graduated usually to 5-minute divisions. 
This circle can be turned and clamped in any desired position, 
independently of the upper portion of the instrument. On the 
frame supix)rting the telescope is a set of micrometer microscopes 
(generally two or three), placed at equal distances apart, by 
means of which the fractional parts of the s-minute spaces are 
read. 

36. The Micrometer Microscope. — In the field of each micro- 
scope two or more of the graduations of the circle can be seen 
(Fig. 24). In the focal plane ^f the eyepiece of each micro- 




Fic. 24. Micrometer Microscope. 

scope is a micrometer ^crew which moves a frame carrying a 
set of cross-hairs. These are either in the form of an X or 
else consist of two parallel hairs set far enough apart so that a 
line of the graduation will not quite fill the space between them. 
The pitch of the screw and the focal length of the objective of 
the microscope are so related that some whole number of turns 
equals one space on the graduated circle. The head of the 
micrometer is graduated so that angles can be read to seconds or 
to fractions of a second. In the field of view is a notched scale 
for counting the whole turns of the screw. In the center of 
the scale is a deeper notch which represents the zero point of 
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the micrometer readings. For any pointing of the telescope the 
direction is read by simply turning the micrometer until the cross- 
hairs are placed symmetrical with respect to the preceding line 
of the graduation, reading the micrometer screw, and adding 
this reading to the direct reading of the degrees and minutes 
on the circle. The other microscopes are read to increase the 
accuracy and to eliminate eccentricity. 

37. The Run of the Micrometer. — Since the micrometer 
screw makes a whole number of turns in moving from one 
division of the circle to the next, the micrometer should read the 
same on both the preceding and following graduations. If the 
microscope is not properly adjusted, then the number of turns of 
the screw between consecutive divisions of the circle will diflfer 
from the true value; the difference is called the run of the mi- 
cromeUr, This causes an error which is called the error of runs. 
There are several ways of correcting for this, depending upon the 
assumption with regard to the cause of these differences. 

One method, which is based upon the assumption that the 
error is largely due to the accidental errors in setting the micro- 
scope and in reading the micrometer, is to simply average the 
readings on the following division and the preceding division. 

Another method consists in interpolating a reading between 
the readings taken on the preceding and following graduations, 
it being assumed that the error is due to an erroneous value 
of one turn of the screw. Dividing the length of the space (5') 
by the number of revolutions indicated by the forward and 
backward readings gives the value of one turn of the screw. 
Multiplying this by the number of turns (and fraction) between 
the zero of the microscope and the next preceding graduation, 
the true reading is obtained. The actual work of computing 
these corrected readings is shortened by the use of tables.* 

Direction instruments are generally used on important trian- 
gulation such as the primary and secondary work of the U. S. 
Coast and Geodetic Survey. For work of lesser importance the 
repeating instrument gives sufficient accuracy, and as every 

* See " Geodetic Astronomy/' by J. F. Hayford, p. 206, and Coast Survey 
Report for 1882, p. 163. 
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surveyor is familiar with such an instrument it is to be pre- 
ferred on ordinary work. The chief objection to the repeating 
instrument is the systematic error due to the action of the clamps 
and tangent screws, which it is not easy to completely eliminate. 
This, however, is not a serious matter in any but the most re- 
fined measurements. 

38. Cross-Hairs. — The cross-hairs used in the telescopes 
of triangulation instruments are of different forms according 
to the class of work and the kind of signal used. Repeating 
instruments which are commonly used on comparatively short 
lines generally have cross-hairs set in the form of an X, the tele- 
scope being set so that the signal pole bisects the angle of the X. 
The cross-hairs are set by the instrument maker at any angle 
desired, from 45 degrees to 90 degrees. This form is suitable 
for sighting at poles and tripod signals. For sighting at very 
distant objects such as heliotropes, or poles at such distances 
that they are difficult to see, two vertical cross-hairs set close 
together are preferred, the space between the cross-hairs being 
bisected by the signal. The distance between the hairs should 
be made such that it will subtend an angle of from 10 to 15 
seconds, this spacing depending upon the average length of 
line, the kind of signal, and upon the observer's preference. 

39. PREPARATION FOR OCCUPYING THE STATION. — For 
primary work the instrument should be mounted upon a pier 
or some other solid support and protected from sun and wind 
by a tent or by a temporary building. For secondary or tertiary 
triangulation the instrument may be used upon its tripod and pro- 
tected by a tent or by an umbrella. 

The observer should be provided with a list of azimuths of 
the stations which he is to sight referred to some conspicuous 
object as o degrees, such as a nearby church spire or any other 
conspicuous mark. These data should have been taken during 
the reconnoissance or at some time previous to the occupancy of 
the station. The observer should have descriptions of the 
stations he is to occupy and the signals he is to sight. He should 
also be provided with maps, if any exist,^ which will aid him in 
identifying the stations. He should have with him a heliotrope 
and an assistant to operate it so that he can, upon arriving at the 
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Station, establi^ communication with all the heliotropers at the 
distant stations. This he is able to do, for he knows the direc- 
tions of the distant stations from his own station. The flash from 
the instrument point is often the only means the heliotropers 
have of locating the observer's station. Signals can frequently 
be observed through the telescope if the direction is known, at 
times when it would be very difficult or impossible to find them 
if nothing were known of their directions. Observations on 
heliotropes may frequently be made when the hill itself is 
scarcely visible, provided the observer knows the direction of the 
distant station accurately enough to send a flash to the helio- 
troper at that station so that the latter may know the direction in 
which to send his light. The heliotroper should also be provided 
with a map of the region showing the scheme of the triangulation. 
On arriving at the station the heliotroper first identifies by means 
of his map the point which is occupied by the instrument. 
He then places his heliotrope on some convenient support any- 
where on the line of sight, using a plumb-line for accurately 
lining it in. 

40. MEASURING ANGLES WITH REPEATING INSTRUMENT. — 
A very common method of measuring an angle with a repeating 
instrument is to measure, say, six times with the telescope direct, 
then six times with the telescope reversed; this is called a " set." 
The first six are measured from left to right and the second six 
from right to left. Both verniers are read on the first and the 
sixth readings. 

A better result is secured if the instrument is used as follows. 
In measuring the angles always turn the instrument in a clock- 
wise direction (whether the upper or the lower motion is being 
used). The angle itself is first measured by six repetitions 
with the telescope direct; then its explement (360 degrees — the 
angle) is measured by six repetitions with the telescope reversed. 
It is evident that if the error due to the action of the clamps and 
tangent screws is nearly constant, the mean of the angle as found 
directly and through its explement will be nearly free from such 
error. This method of determining an angle by its explement 
is, however, unnecessarily refined, except for the highest grade 
of work. 



40 TRIANGULATION [Chap. I. 

The tangent screws should always be brought up to the desired 
position by means of a right-hand turn in order to insure proper 
tension of the opposing spring. 

The Coast Sun'ey instructions to observers recommend 5 com- 
plete sets on primary work, i.e., 5 on the angle and 5 on the 
explement; for secondary work, 2 to 4 sets; for tertiary work one 
set in case an 8-inch circle is used, or 2 to 4 sets with a 7-inch 
circle. The horizon should be closed in all cases, i.e., the series 
should cover a complete circle; the sum of the measured angles 
theoretically equals 360*^. 

The readings may be distributed uniformly over the circle by 
increasing the initial reading each time by an amount equal to 

^ — where m is the number of sets to be taken and n is the 
mn 

number of verniers. In order to distribute the readings over 

different parts of the vernier the index of the vernier should be 

set ahead at the beginning of each set by - part of the smallest 

tn 

division of the circle. For example, if six sets were to be taken 

with a two-vernier instrument having the circle graduated to 

lo-minute spaces, the first setting would be 0° 00' 00", the second 

30° 01' 40", the third 60^ 03' 20", etc. 

41. MEASURING Angles with Direction Instrument.— 

Some line (such as a line to a prominent signal) is chosen as a refer- 
ence line and the directions of the various signals read in order, 
beginning with this one. After this series is completed the tele- 
scope is reversed, the pivots remaining in the same bearings, and 
the signals sighted in the reverse order. This completes one 
*' set." The Coast Survey instructions * require 16 sets for 
primary work. For secondary work from 5 to 10 sets are 
required; for tertiary, one set. In order to distribute the read- 
ings over the circle of the instrument the initial setting on the 
circle is increased by 15*^ for each new set, if 16 sets are to be 
taken, and in order to distribute the micrometer readings uni- 
formly over the screw the setting is increased by about i' 10" 
each time, the total increase being 15° 01' 10", except that after 



♦ See U. S. Coast and Geodetic Survey Report for 1903, Apjxjndix 4, p. 811. 
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the fourth, eighth, and twelfth sets the increase is 18° 56' 20". 
By this arrangement the readings of the three microscopes are 
distributed uniformly over the circle at intervals of nearly 4°. 
The imiform distribution of the settings of the screw renders it 
practically unnecessary to make a correction for run. Since this 
setting can be made only approximately it is necessary to take 
the exact readings of all of the microscopes after the telescope 
has been carefully pointed. 

42. Precautions in Measuring Angles. — Great care should 
be used in securing a steady support for the instrument. If it 
is necessary to set the tripod on soft ground, heavy pegs should 
be driven into the ground and holes bored in the tops to receive 
the points of the tripod legs. The clamp screws controlling the 
leveling screws should not be loose but should be set up firmly 
after the instrument has been leveled. The instrument should 
be protected from wind and sun by a tent or by an umbrella. 
The observer should be careful not to disturb the instrument or 
to allow the heat from his body to affect it* 

Care should be taken not to observe on a signal whose position 
is made doubtful by difficult seeing. Where there are two or 
more signals in the same general direction care should be taken 
to observe the correct one. If a signal is illuminated on one side 
only, so that the error of pointing will be appreciable, obser- 
vations should be delayed or else the error computed and allowed 
for. This is known as the correction for ** phase." 

43. Time for Observing. — The best seeing is obtained on 
cloudy days, or on bright days late in the afternoon. Obser- 
vations made during the middle of the day, however, when the 
signals appear quite unsteady, have been found to give about as 
accurate results as those made under apparently better con- 
ditions. Observations made very early in the morning are 
usually unsatisfactory on account of the irregular refraction 
caused by rising vapors. 

44. Forms of records. — The following are forms of records 
which may be used with the direction instrument and the repeat- 
ing instrument respectively. 
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Triangulation Notes — Direction Instrument. 

Sta., Pitman. Date, June 21, 1907. Observer, A. B. Instr., Wegener •720. 



Set 


Sta- 


Time 


No. 


tion 




5 


Bald 
Hill 


IO*»24 




East 


10 27 




Mt. 





Tel. 


Micr. 




R 


A 
B 


152° 00' 


R 


A 
B 


181 40 



Circle 



Micrometer 



For'd 



Back 



01' 58^ 01' 58'' 

02 01 l oi 5Q 
01 59 -5 01 58.5 



09 34 
09 48 



09 41 .0 



09 32 
09 47 



09 39-5 



Run 



Mean 



Cor. 



" \ I II 



i-S 



01 59.0 



49 40.2 



Cor. 
Read 



Circle reads to 10 minutes. Micrometer makes 2 revolutions per division 
Screw divided into 30 parts, giving seconds by estimation. 



Triangulation Notes — Repeating Instrument. 

Sta., Corey Hill. Date, May 21, 1907. Observer, J. N. B. Instr. B. & B. :f 1567. 



SUtion 


Time 


Tel. 


Rep. 


Vcr. A 


B 


Mean 


Angle 


Mean 










/ K 


H 


n 


/ H 


/ H 


Blue Hill 

to 
Prospect 


jh 2om 
P.M. 


D 




I 
6 


00 00 

123 28 10 
*20 49 40 


00 

20 
40 


00 
40 


123 28 16.7 








R 





20 49 40 
00 10 


40 
10 


40 
10 


123 28 15 .0 


123 28 15.8 



♦ Since the angle is over 120 degrees the A vernier has passed 360 degrees 
twice in the six rc|x^tilions. In computing the mean we divide the 720 degrees 
by 6 mentally and write down 12 —, then divide the 20 degrees by 6, add the 
whole degrees to 120, and then divide the minutes and seconds. Observe that 
when six rejx»tilions are used, the remainder, when diWding the degrees by 6, gives 
the first figure of the minutes, i.e., 20 degrees -5-6=3 degrees in the mean, plus 
a degrees to be carrird to the minutes column giving 20 minutes. Similarly in 
dividing the minutes by 6 the remainder is the tens place in the seconds. 
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45. REDUCTION OF NOTES. — After the angles have been 
measured the sum of the angles of each triangle should be 
checked. Before this can be done, however, it is necessary in 
case of large triangles to compute the spherical excess, since the 
measured angles are spherical angles and their sum will exceed 
180 degrees. The amount of the spherical excess depends upon 
the area of the triangle and also upon the latitudes of the points; 
it is approximately equal to i second for each 75.5 square miles 
area of the triangle. It may be more accurately computed from 
the formula 

v/— Area of triangle * 

^ " R' sin i" ' 



be sin A 
2 R^ sin i'' 



[I] 



b and c being sides of the triangle and R the mean radius of 
the earth. [Log R (in feet) = 7.32068; log R (in meters) = 
6.80470.] In order to make allowance for the spheroidal form 
of the earth we may use the formula 

e" = — D pvT^ — r, X *^ sin A [2] 

2 RN sm i'' 

the logarithm of the quantity ^^ . -, = m being given in 

Table II, p. 388, (from U. S. Coast Survey Report for 1894). 

If J = c = 20 miles, A = 60°, and latitude = 40^, wc find 
from the last formula, e = 2". 2 7 7. From the same data 
the second formula gives 2".275, while the rough value (75.5 
square miles per i") gives 2'^294. In computing the spherical 
excess it is sufficiently accurate to use approximate values of 
the angles and distances. The sum of the measured angles 
should equal 180 degrees plus the spherical excess. In small 
triangles, especially where the angles are measured only to 
seconds, it is unnecessary to consider the spherical excess. 

♦ This formula depends upon the geometric proposition that in any spherical 
triangle the spherical excess is to the area of the triangle as one right angle is to 
the area of the tri-rectangular triangle (or one eighth the surface of the sphere.) 
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On the work of the U. S. Coast Survey it is required that the 
errors of closure of the angles of a triangle shall be within the 
following limits. 

Primary triangulation, 3" 
Secondary triangulation, 8" 
Tertiary triangulation, 15" 

The following are averages, for the error of closure, in Coast 
Survey work. 

Primary, i' 

Secondary, 2 to 3' 

Tertiary, 4 to 5' 



r/' 



r'/ 



After the sum of the angles has been tested the error is dis- 
tributed equally among the three angles, if no adjustment is to 
be made by the Method of Least Squares. The adjusted plane 
angles are then computed from the adjusted spherical angles by 
subtracting from each angle one third of the spherical excess. 
The spherical angles are to be used later in computing the geo- 
detic positions. The plane angles are the ones used in calculating 
the length of the sides of the triangles, because in any triangle 
side occurring in practice the result would be practically the 
same whether computed as a plane or as a spherical triangle. 

46. Reduction to Center. — It sometimes happens that the 
instrument cannot be placed exactly over the station point, but 
from a point near by, called the eccentric station, the angles can 
be observed. This case may occur when such a point as a 
church spire or a standpipe is used as a triangulation point. If 
the angles are taken with exactly the same care that they would 
be at the center, and if, in addition, the direction and distance of 
the center mark from the instrument (at the eccentric station) 
be observed, then the angles at the center can be accurately 
calculated, provided the approximate distances to the observed 
signals are known. Even though accurate values of the triangle 
sides cannot be obtained it is always possible to obtain approxi- 
mate values, and these are sufficiently accurate for this reduction. 
In Fig. 25 let C be the station point, E the eccentric station where 
the angles are observed, and 5 one of the observed signals. The 
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direction of each signal is to be corrected for eccentricity and the 
angles between the signals may be afterward found from these 
corrected directions as follows. 
First compute the azimuth of 
each signal, reckoned, not from 
the meridian, but from the center 
C Then for each signal form a 
triangle CES. In this triangle 




Fig. 26. 



or approximately 



sin S 
sin£ "" 



CE 
CS 

(/sin a 
D sin i'' 



[3] 



In this formula a is the angle £, d is the distance C£, and D is 
the distance C5, obtained from the approximate calculation of 
the triangle sides. This gives S in seconds, which is the correc- 
tion to be added to the azimuth of the line ES to obtain the 
azimuth of CS, Careful attention should be paid to the algebraic 
signs of sin a. After S" has been calculated and applied to each 
azimuth the true angles may be found from the differences in the 
corrected azimuths. Obviously these azimuths have no signifi- 
cance after the reduction has been completed. 

The following example illustrates the method of computing 
the reduction to center. 

Example of Reduction to Center. 



HARPERS A 

(Eccentric Station No. i.) 



d — i'".343 log «= O.I377S 
log const. = 544318 



Station 


Smith's 
Cupola 


Methodist 
Church 


Cotton's 


White FlaK 


Baldwin 


Azimuth 
Log sin 
Azimuth 


42° 14' 20^ .0 
9 -8275 


46° 01 '59". I 
9 -8572 


I04°47'30''i 
9 -9853 


161° 10' 06''. 2 
9-5090 


205° 10' 03*. 6 
9 .6286 


^T> 


6.1052 


6.1025 


6 .0640 


6.2672 


6.0909 


Log Const. 
Logs 


5 4422 


5 4422 


5 4422 


5 -4422 


5 4422 


I -3749 


I .4019 


I .4915 


I .2184 


I .1617 


S 


+ 23-.7 


+ 25*^.2 


+ 31" 


+ 16-5 


-14V5 


Azimuth 


42° 14' 43'' -7 


46°02'24^3 


104° 48' 01''. I 


161° 10' 22^.7 


2050o9'49*'.i 
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47. Adjusting the Triangulation. — In large systems of 
triangulation where it is important to secure all the accuracy 
which can be obtained from the measurements, the system 
should be adjusted by the Method of Least Squares, i.e., the 
errors should be distributed among the measured angles so as to 
give the most probable values of the angles. On account of the 
great expense a complete adjustment by Least Squares is not 
warranted in a triangulation of lesser importance. There are, 
however, approximate methods of adjusting simple figures, like 
the quadrilateral, which give fair results with much less labor 
than the exact adjustment.* In small systems no adjustment 
is necessary beyond that of distributing the error of closure 
equally among the three angles of each triangle. If points are 
being located by a system of rectangular coordinates and the 
position of any point may be calculated by means of different 
triangles, an approximate adjustment may be made by plotting 
the different positions and the directions of the observed lines and 
selecting a position which seems to best represent the point as 
indicated by the observations. Greater weight will of course be 
given to good intersections than to poor ones. 

48. Computation of the Triangle 
Sides. — As an illustration of the computa- 
tion of the triangle sides take the triangle 
shown in Fig. 26. 

The observed angles are 

P = 82° 2f 27^.9 

^ = 35 45 15 -4 
O = 61 47 18 .8 

Sum 180° 00' 02''. I 




Fig. 26. 



The spherical excess is o".859. Hence 
the error of closure of the triangle is i".2. 



♦ For these methods the student is referred to " Adjustment of Observations," 
by Wright and Hayford, published by Van Nostrand, New York. 
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Subtracting o".4 from each angle we obtain for the adjusted 
spherical angles 

P = 82^ 27' 2f'.$ 

5 = 35 45 15 -o 
O = 61 47 18 .4 



Sum 



180° 00' oo".9 



The plane angles are then found by subtracting o".3 from each, 
giving 

P = 82° 27' 27".2 

B = 35 45 14 .7 

O = 6i 47 18 .1 



Sum 



180° 00' oo".o 



Having given the log BP = 4.356 4673 we find the sides BO 

n sin A 
and PO as follows by the formula 7 = -; — ;; • The whole com- 

6 sm B 

putation is kept in tabular form as shown below. 



' Stations 


Obs'd Angles 


Cor'n 


Sphr. 
Ang. 


Sph. 
Exc. 


Plane Angles 
and Dists. 


Logarithms 


Pto B 

P 
B 


61° 47' 18* .8 
82 27 27 .9 
35 45 15 -4 


0*4 
.4 
.4 


l8''.4 
27 -5 
15 


o^3 
.3 
-3 


22723"».o8 

61* 47' iS-'.i 
82 27 27 .2 
35 45 14 .7 


4 .356 4673 
0.054 9218 
9 .996 2261 
9.766 6415 


i to B 
to P 










25563 20 
15067.13 


4.407 6152 
4.178 0306 



49. Three-Point problem. — It sometimes becomes necessary 
to assume a tertiary point and to locate it accurately without 
occupying any of the other stations. If three signals can be seen 
from the proposed station and two angles measured between 
them, the position of the point may be accurately determined by 
means of the Three-point Problem. The solution of this problem 
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is as follows.* In Fig. 27, A, B, and C represent the three 
signals, and O the position of the instrument. A circle is passed 
through Aj C, and O, and the lines OB, AD, and AC are drawn. 




Fig. 27. Trigonometric Solution of Three-Point Problem. 

Every side and angle of the triangle ABC may be computed 
from the data of the triangulation. 

Let angle DAC = a, and DC A =p 

In the triangle ADC one side AC and two angles are known, 
and AD may be calculated. 

In the triangle ADB two sides AD and AB are known, and 
the angle BAD = BAC - DAC. Therefore angle ABD may 
be computed. 

Finally in triangle AOB one side AB and the two adjacent 
angles are known, from which AO and BO may be found; and in 
triangle BOC the side CO is readily calculated. 

SO. Astronomical Determination of position.— In order 
that a triangulation net may be accurately located upon the earth's 

♦Another solution of the Three-point Problem will be found in Chauvenet's 
"Plane and Spherical Trigonometry," published by J. B. Lippincott Company, 
Philadelphia, Pa., and still another solution in Appendix 9, p. 184, of the U. S. 
Coast and Geodetic Survey Report for 1882. 
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surface it is necessary that the positions of a few points should be 
accurately determined by astronomical observations for latitude 
and longitude. The methods of making these observations are 
fully discussed in works on geodesy and practical astronomy 
and will not be taken up in detail in this volume. 

The latitude is usually determined by observations with a 
special instrument called the zenith telescope. By means of 
this instrument the latitude is- found from the difference in 
zenith distance of two stars, one of which is north of the zenith 
and the other south. The stars are so chosen that this difference 
is small enough to be measured by means of a micrometer. 
Any change in the inclination of the telescope is measured by 
means of a sensitive spirit level. By this method latitude can 
readily be determined within about o".o5 of arc, which is 
equivalent to about 5 feet on the earth's surface. 

Longitudes are determined by observing, with a portable 
astronomical transit instrument, the error of a chronometer 
on local sidereal time and then comparing the chronometer, by 
telegraph, with that of another station where similar observa- 
tions have been made. The difference in time thus found is 
the difference in longitude. The accuracy obtainable in a 
longitude determination is slightly less than that of a latitude 
determination. 

From the observed latitudes and longitudes the triangulation 
net is located on the surface of the spheroid. Since the earth is 
not a true spheroid but an irregular figure the latitude and lon- 
gitude of any station as computed from the position of another 
will be found to disagree with the latitude and longitude as 
directly observed, the difference between the observed and the 
computed positions being known as the station error. This 
difference often amounts to 8 or 10 seconds of arc and averages 
about 3 seconds. For this reason the latitude and longitude of 
a single point will not be sufficient to accurately locate the 
triangulation. A large number of points must be observed, so 
that the station errors are practically eliminated from the mean 
result and the true positions on the spheroid obtained. 

51. Azimuths. — In addition to observations for latitude 
and longitude of stations it is necessary also to observe the 
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azimuth of several of the triangle sides in order that the triangu- 
lation may be correctly oriented. Methods which will apply to 
all cases except the most precise work are given in Chapter II. 
For approximate methods see Volume I, Chapter VII. 

52. COBIPUTATION OF GEODETIC POSITIONS.* — After all of 
the triangle sides are known and the azimuth of some line is 

determined, the geodetic 
latitude and longitude of 
each triangulation station 
is computed. The calcu- 
lation of the latitude and 
longitude is made by 
means of differences 
rather than by the direct 
solution. The triangle 
formed by joining the two 
stations with the pole, 
which would be required 
in the direct solution, is 
so large that 10 place 
logarithms are needed to 
give the required accuracy. 
In Fig. 28 let A be the 
position of a point whose 
latitude and longitude are 
known; let B be the un- 
Pjj, 28. known point whose posi- 

tion is to be found ; Z, the 
azimuth of B from A; x, the distance AB, an arc expressed in 
circular measure. In the triangle PAB the side PB is evidently 
a function of x, hence an expression may be obtained for PB by 
means of Maclaurin's Theorem. Letting PA = y, and PB = y 




then 






2 



[4] 



♦ For the method of deriving the formulas and computing the constants for 
computing the geodetic positions, see Appendix 9, Coast Survey Report for 1894; 
also CrandalPs "Geodesy and Least Squares," p. 173. 
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In the differential triangle PAB\ PB' =^ y -^ dy and AB' ^ 
dx; then by trigonometry 

cos {y + dy) = cos y cos rfjc + sin y sin dx cos A [5] 

By successive differentiation of [5] values may be obtained 
of the differential coefficients in terms of y and A, If these are 
substituted in [4] an expression for the difference in latitude of 
the points A and B is obtained. To put this series in convenient 
form for computation x is changed from an arc to the corre- 
sponding distance in meters {K). The final form of the series 
is 

- dL = K cos Z *B -\- K? sin^ Z • C 

+ {diy >D-h.IC sin* Z . £ [6] 

in which K = the distance AB in meters 

Z = the azimuth of B from A 
L = the latitude of A 
dL « the difference in latitude 
dL = the sum of the first two terms 
and A = A" cos Z . 5 

By C, D, and E are constants for any given latitude whose loga- 
rithms are given in Table III, p. 389. All of these terms are in 
seconds of arc. 

The first term in the series is evidently the distance from 
B to the foot of the perpendicular AC; the second term is a dis- 
tance nearly equal to CD, and so on, each term giving a closer 
approximation to the distance from B to the parallel DA. 

The difference in longitude of A and B may be obtained 
directly from the triangle PAB 

. jy sin rx: . « 

sm P = — sm Z 

cos U 

which becomes 

dM == K -sin Z ' sec U . A [7] 

in which dM is the difference in longitude in second of arc, and 
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A is another tabulated quantity. U in this expression is the 
latitude of B, as found by equation [6]. 

The difference in azimuth due to the convergence of the 
meridians may be found by trigonometry as follows. 

tan i{A + B) = cot i dM ^9lAJ^zJ^) 

^ ^ cos H/ + y) 



This may be put in the form 

- dZ = dM sin h {L ■\- U) sec ^ {dL) 



[8] 



in which — dZ is the correction to the azimuth 180° + Z to 
reduce it to Z'. 
The formulas for the complete computation are 



- dL = K .cosZ .B + K* sin' Z ■ C 

+ {dLf .D- h.ICsWZ.E 
dM = JC sin Z sec L' • A 

- dZ =dM sin i {L + L') sec J (dL) 
L' = L + dL 

M' = M + dM 

Z' = Z ■{- dZ + 180" 



[6] 
[7] 
[8] 



The primes in each case refer to the unknown point B. 

It is evident that when the azimuth of i45 is between 90 de- 
grees and 270 degrees the difference in latitude dL must be 

added to the latitude of A; but since 
the algebraic sign of cos Z is negative 
for such angles the sign of dL must be 
negative. 

From Fig. 29 it is evident that if B 
is west of i4, i.e., if Z is between 0° 
and 180°, the correction dZ must be 
subtracted from 180° + Z to refer 
the back-azimuth to the meridian 
through B. 

For triangle sides not exceeding 10 statute miles (or log K = 
4.23 . . .) the £ term in the expression for dL may be omitted, 




Fig. 29. 



THE INVERSE PROBLEM S3 

and also the factor sec i dL in the expression for dZ. The 
quantity A' may be substituted for (5L)' when log K is not 
greater than 4.93 .. . 

When the difference in longitude is very large it is necessary 
to apply a small correction to allow for the difference between 
the arc and the sine, an approximation which was made in 
deducing the formula for dM. This difference is given in 
Table IV, p. 394. To use this table take out the " difference " 
opposite log K and also the " difference " opposite log dM, 
giving each the sign shown at the top of the column. The alge- 
braic sum of the two is to be added to log dM. 

On account of the adoption of the letters L, M, and Z to repre- 
sent the latitude, longitude, and azimuth this problem is com- 
monly known as the *' L-M-Z " problem. 

53. The Inverse Problem. — When the latitude and longitude 
of two points are given it is possible, by means of these same 
formulas, to compute the length of the line, K, and the azimuths 
Z and Z'. For convenience the formulas may be put in the 
following form. 

K co^ Z ^ X ^ --~(dL -\- Cf + D (diy- E (dL)f\ [ 9] 

j^ . « dM cos V r , 

A sm Z = y = [10] 

A 

ianZ =^^ ; K = x sec Z =^y esc Z [ii] 

X 



Example of Computation of Geodetic Position. 

Referring to the calculations shown on page 47, the adjusted 
spherical angles are 

P = 82° 27' 27^.5 

5 = 35 45 15 -o 
O = 61 47 18 .4 

The computation of the position of O from the base-line PB 
may be put in the following form. 
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z 

Z 

z 

dZ 

i8o« 


Prospect to Blue Hill 
Blue Hill and Observatory 

Prospect to Observatory 


o 

329 
82 


30 
27 


H 
20.54 

27 -5 


247 


02 

+06 


53 
49.5 


Observatory to Prospect 


180 
67 


09 


42.5 



L 
dL 
V 



42 


23 
3 


18.831 
09.976 


Prospect 

15067 .13* meters 

Observatory 


M 

dM 

M' 



71 


15 
10 


m 

15-333 
07 059 


42 


26 


28.807 


71 


05 


08.274 







i 


► 9.36 Statute miles. 








Lm 42 24 53 .8 


K 

CosZ 

B 

h 


4.178 0306 
9 -591 0189^ 
8.510 6691 


Sin»Z 
C 


8 .35606 
9 .92836 
I .36463 


D 


4 .5594 
2.3908 


I St term 

2d & 3d 

terms 

-dL 


-3' 10^.423 
+ .447 


2 .279 7i86„ 
-190.423 


9 .64905 
+ .4457 


6 .9502 
+ .0009 


-3' 09^.976 















K 

SinZ 

A' 
SecL' 

dM 


4.178 0306 
9.964 i8o5„ 
8.509 0562 
0.131 9635 


dM 
Sin Ln, 

-dZ 


9 .82898** 


2.783 2308^ 
-607.059 


2 .6l22I„ 
-409.45 



It will be observed that in taking out the value of A in com- 
puting dM this log is taken out for L', not for L. In computing a 
large number of positions over a limited area it will be convenient 

to prepare a special table of log r for intervals of, say, 10 

cos L 

seconds of latitude and for values of L covering the limits of the 

survey. 



' L-M-Z " PROBLEM 



SS 



z 

Z 

z 

dZ 
i8o° 


Blue Hill to Prospect 
Prospect and Observatory 

Blue Hill to Observatory 


o 

149 

35 


35 

45 


58.86 
15 


185 


21 

I 


13 -9 
10 3 


Observatory to Blue Hill 


180 
5 


2i 


24.2 



L 
dL 

V 



42 


1 
12 
13 




43 -941 

44 .866 


Blue Hill 

25563 .20 meters 

Observatory 


M 

dM 



71 


06 
01 


52 .638 
44 .364 


42 


26 


28 .807 


71 


05 


08.274 




An 42 


/ IT 
19 36.4 


K 

CosZ 

B 

h 


4.407 6152 

9.998 IOI2„ 
8.510 6827 


Sin»Z 
C 


8.81523 

7 93983 
I .36196 


D 


5 .8328 
2 3904 


I St term 

2d &3d 

terms 

-dL 


-13' 44.896 
+ .030 


2 .916 3991^ 
-824.896 


8.11702 
+ .013 


8.2232 
+ .0167 


-13' 44.866 















K 
SinZ 

SecL' 
dM 


4.407 6152 
8 .969 9i45n 
8.509 0562 
0.131 9635 


dM 
SinLm 

-dZ 


2 .oi855„ 
9 .82824 


2 .018 5494„ 

/r 
-104.364 


I .84679^ 
-70.27 



54. APPLICATlOlf OF TRIAWGULATION TO SMALL SURVEYS. — 

The methods which have been described in this chapter are chiefly 
those which apply to extensive triangulation. In conducting 
smaller surveys the same general methods will apply, but many 
of the refinements may profitably be omitted. In such work a 
repeating instrument is always to be preferred, as it is simpler to 
use and is always amply accurate for the purpose. An engineer's 
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transit with a 6-inch circle and with verniers reading to 30 or to 20 
seconds is suitable for the triangulation here considered. Instead 
of carrying out the more elaborate programs for measuring angles 
it will often be sufficient to take but one or two sets of angles, 
six repetitions being taken with the telescope direct and six 
with the telescope reversed. 

While many of the refinements may profitably be omitted, the 
work should not be done carelessly, and all of the general pre- 
cautions in regard to protection and manipulation of the instru- 
ment should be carefully observed. The work should be planned 
so as to provide checks on the accuracy of the results. On 
account of the triangle sides being short, special attention should 
be given to centering the instrument over the station, and to 
centering and plumbing the signals. 

In measuring the base-line a steel tape provided with a tension 
handle or a spring balance should be used. The temperature 
correction need be only roughly determined. In other words, 
the base measurement should correspond to a fair grade of city 
surveying work. Two independent measurements of the base 
should be made as a check. 

The triangulation net may be oriented by observing the 
azimuth of some line by the method described in Chapter II. 
(For approximate methods see Vol. I, Chapter VII.) 

In surveys of small areas, such as a park system or a small 
river, it is simpler to use rectangular coordinates rather than 
latitudes and longitudes. The spherical excess of a triangle 
may always be neglected in work of this kind. The adjustment 
of a triangulation by the Method of Least Squares need never be 
made for the purpose of mapping an area, as the errors of the 
triangulation can easily be kept so small as not to affect the 
plotted results. The triangles should always be closed, however, 
when this is possible, and the error of closure distributed equally 
among the three measured angles, unless these obviously should 
have different weights. 

55. Connecting Traverses with Triangulation. — The 
triangulation system is simply a framework upon which all of 
the subsequent surveys of details are to depend. The manner 
of connecting these surveys with the triangulation depends upon 
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the instruments and the methods used for locating the details. 
Methods which are applicable to topographic and hydrographic 
work are given in detail in the following chapters. 

Certain kinds of surveys, for example a survey to locate town 
or state boundaries, require that points be located with great 
accuracy and yet these points are often in such positions that 
direct location by triangulation is not practicable. In such 
cases these points must be located by means of traverses run 
with the transit and tape. These traverses must not only be 
accurate but must also be tied to the triangulation system so 
that the relative positions of the located points will be accurately 
determined. 

After the traverses have been connected with the triangulation 
the accuracy of each one may be tested by computing its error 
of closure. This may be done in any traverse joining two tri- 
angulation points, by computing the difference in latitude and 
departure for each course of the traverse, the line joining the 
triangulation points being regarded as the 
closing line of the traverse (see Fig. 30). 
If the azimuths of the traverse lines 
are referred to the meridian through Ai4, 
then the azimuth A-B should be used in 
computing the difference in latitude and 
departure for the triangulation line. The 
sums of the latitudes and departures are 
found and the error of closure distributed 
in the usual way, except that the correc- 
tions are made only on the traverse lines, 
the triangulation line remaining unchanged. 
If desired, the latitudes and departures can 
be computed by taking the triangulation 
line as a meridian instead of using the 
true meridian. The triangulation lines 
in such surveys are usually short, so that 
the effect of the earth's curvature on 
the traverse lines is negligible. 

In Fig. 30 are shown two triangula- 
tion points with a short traverse connecting them. The com- 
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putation of the latitudes and departures and the distribution 
of the error of closure are shown below. 



NOTES OP TRAVERSE. 



Station 


Azimuth 


Distance 
(Feet.) 


Ai4 

I 

2 

3 

4 

A i4 to A B 


171° 26' 20'' 
243 25 50 
152 06 10 
66 15 30 
190 44 00 
16s 09 43 


1321 .20 
524 .84 

1974 .50 
901 .08 

1570-71 
4621 .3 



COMPUTED LATITUDES AND DEPARTURES. 





N. Lat. 


S. Lat. 


E. Dep. 


W. Dep. 


A^ 

I 
2 
3 
4 
AB 


1306.48 

234 -75 

1745 04 
1543-23 


362 .79 
4467 .20 


469.41 

292 .53 
1183.46 


196.68 

923 .84 
824 .82 




4829 .50 


4829 .99 


1945 40 


1945 -34 



Kttot = .49 



Error = .06 



ADJUSTED LATITUDES AND DEPARTURES. 





Lat. 


Dep, 


; I 
1 2 

3 

4 


+ 1306 .60 

+ 234.77 
+ 1745.21 
- 362.76 
+ 1543-38 


-196.68 
+ 469 .40 
-923.86 
— 824 .84 
+ 292.52 
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PROBLEMS 

I. Reduction of base-line measurements. 



Section 


ist. Meas. 


3d. Meas. 


Diff. 
in Elev. 


Stake 


Out of Line 


Scale 


Thermo- 
phone 


Scale 


Thcrmo- 
phone 


O— I 

1 — 2 

2-3 
3-4 
4-5 


mm 

98-4 
90.2 
94.8 

87.1 
97.0 


mm 
+ 18.4 
+ 23.2 
+ 20.8 

+ 14.9 
+ 18.9 


mm 
98.0 
96.1 
99.2 
88.1 
98.2 


mm 
+ 18.7 

+ 17-7 
+ 16.2 

+ 13 I 
+ 176 


ft. 
1.72 
3 50 
4-35 
.4.92 
2 .01 




I 

2 

3 

4 
5 


ft. 
0.00 
0.00 

.06 West 
0.1 1 East 
0.21 East 
0.10 East 



. 144° 


19' 56^.7 




. 64<> 


05' 20^ .0 




. 105° 
ill . 


06' 07*. 6 

. 3235 I 

8720.5 

io48«: .0 


NORTH 
BASt 



PJTMAN 



The scale readings are all icom too large because the zero point is marked 
10 in order to avoid negative readings. The weight is supposed to be adjusted 
to give the "normal tension." 

Compute the true length of the line between stakes o and 5, assuming the tape 
to be exactly 100 meters in length. 

Result, 500m. 0343. 

2. Reduction to Center. 

Angles measured. 

Pitman to West Hill 
Pitman to Island . . 
Pitman to Flag Pole 

Distances in feet. 

North Base to Pitman 

North Base to West Hill 

North Base to Island . . 

North Base to Flag Pole ... 7295 .6 

Reduce these angles to North Base. 




WEST HILL 



3. Position of pt. L; latitude 42° 26' i3*.276, longitude 70® 55' 52^.088. Dis- 
tance L to A'', 3012.0 meters (log = 3.478 8600). Azimuth L to N, 314° 34' 00'; 
back-azimuth, 134° 35' 03^ Position of pt. AT, latitude 42° 25' 04^764, longitude 
70* 54' 18^.232. Angle at L, 36° 15' 07''; at N, 63° 44' 59''; at £, 79^ 59' 57''. 
Compute the position of E from both lines, LE and NE, and also the back-azi- 
muths of both lines. (£ is east of LN.) 
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4. Position of point B ( ,•*'• Sf^ 'Z ^6' .686 

^ (long. 98® 32' 30^.506 

Position of point C l^""'' ^Z ^"l ^"^'^ll 
^ (long. 98<» 29' 15". 508 

Azimuth B to C 353° if 21*' .81 Dist. 40232 .35 meters, (log = 4.604 5754) 
Back-azimuth 173° 19' 24". 64 

The spherical angles are i4 57° 53' 14'. 39 

B 62° 23' 31*. 40 

C 59° 43' 1 7''- 93 
Compute position of A for both lines and the back-azimuths. (A is east of BC.) 

5. A straight line is run <Juc west from a point A in latitude 40° N, for a 
distance of 10 miles to point B. Compute the distance in feet that point B is 
due south of a true parallel of latitude through A. See equations [6], [7], and 
[8] of this chapter and Table III, p. 389. See also Vol. I, Table 6, p. 153. 

6. Position of point 5 I '^^- ^^o ^K "^^° 

^ (long. 98° 32' 45 067 

Position of point C \. ' '*oo / * 

^ (long. 98^ 33' 34''. 309 

Compute the distance BC and the forward and back-azimuths. 



CHAPTER 11. 

ASTRONOMICAL OBSERVATIONS FOR AZIMUTH. 

56. Astronomical Observatiows. — A complete treatment 
of astronomical observations for the precise determination of the 
latitude and longitude * of a station and of the azimuth of a 
triangulation line belongs properly within the province of geodetic 
surveying. In this chapter only so much of this subject will be 
considered as will enable the surveyor to obtain the astronomical 
azimuth of a line with sufficient accuracy for all purposes except 
for refined geodetic work, and to make such other observations 
as will be required in obtaining the necessary data such as the 
approximate latitude, longitude, and time. All of the methods 
given may be used with the engineer's transit. 

57. Definitions. — In the problems of practical astronomy 
all heavenly bodies are considered as being situated on the 
surface of a great sphere, whose center is at the center of the 
earth and whose radius is infinite. This is known as the celestial 
sphere. 

Vertical. — A vertical line at any place is the direction of 
gravity, i.e., the direction assumed by a plumb-line at rest, 
(ZC, Fig. 31). 

Zenith. — The zenith is the point where the vertical, pro- 
duced upward, pierces the celestial sphere (Z, Fig. 31). 

Horizon. — The horizon is the great circle on the celestial 
sphere cut by a plane (through the earth's center) at right angles 
to the vertical {NESW, Fig. 31). 

Axis. — The axis of the celestial sphere is the earth's axis of 
rotation produced indefinitely (NP — 5P, Fig. 31). 

* For a treatment of these subjects the student is referred to the following 
works: — Chauvenet, " Spherical and Practical Astronomy," J. B. Lippincott Com- 
pany. Doolittle, "Practical Astronomy," John Wiley & Sons. Hayford, "Geo- 
detic Astronomy," John Wiley & Sons. Reports of the Superintendent of the 
U. S. Coast & Geodetic Survey, years 1880 and 1897-98. 

61 
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Poles. — The poles are the points where the celestial sphere 
is pierced by the axis (A^P and SP, Fig. 31). 

Equator. — The equator is the great circle of the celestial 
sphere cut by a plane (through the earth's center) perpendicular 
to the axis (EDWy Fig. 31). 

Ueridian. — The meridian of any observer is the great circle 
of the celestial sphere which passes through the poles and the ob- 
server's zenith (SZN, Fig. 31). The intersection of the plane of the 
meridian with the plane of the horizon is called the meridian line. 

Ecliptic. — The ecliptic is the great circle of the celestial 
sphere which the sun appears to describe in its annual (east- 
ward) motion among the stars (VLA, Fig. 31). The ecliptic is 
inclined to the equator by a nearly constant angle which is, at 
the present time, about 23° 27'. 

Equinoxes. — The points of intersection of the equator and the 
ecliptic are called the equinoxes. The point where the sun 
crosses the equator when going from south to north (which occurs 
in March) is called the vernal equinox. The other intersection 
(where the sun crosses the equator in September) is called the 
autumnal equinox. In Fig. 3 1 F is the vernal and A the autumnal 
equinox. 

58. Spherical Coordinates. — The positions of the heav- 
enly bodies are defined by means of spherical coordinates, of which 
there are several systems. The circles of reference in any 
system are (i) a great circle called the primary j and (2) a system 
of great circles at right angles to the primary, called secondaries. 

59. The Horizon System. — In the horizon system the 
circles of reference are the horizon and great circles through the 
zenith called vertical circles; the coordinates are called altitude 
and azimuth. The altitude of a point is its angular distance above 
(or below) the horizon, measured on a vertical circle through the 
point. In Fig. 31 the altitude of point S' is BS\ The com- 
plement of the altitude is called the zenith distance. The azimuth 
of a point is the arc of the horizon between the meridian and the 
vertical circle through the point. In Fig. 31 the azimuth of point 
5' is SWNB. In astronomical work azimuth is sometimes 
reckoned from the south point as in surveying, sometimes from 
the north point, and is generally measured in a clockwise direction. 
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60. The Equatorial System. — The circles of reference in the 
equatorial system are the equator and great circles through the 
poles, called hour circles; the coordinates are either declination 
and hour angle or declination and right ascension. The decli- 
nation of a point is its angular distance from the equator measured 
on an hour circle through the point. In Fig. 31 the declination of 




Fig. 31. The Celestial Sphere. 

point 5' is DS\ Points north of the equator are considered as 
having plus declinations and points south of the equator as hav- 
ing minus declinations. The complement of the declination is 
called the polar distance. 

The hour angle of a point is the arc of the equator measured 
from the meridian westward to the hour circle through the point. 
In Fig. 31 the hour angle of point S^ is MWRD. 
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The right ascension of a point is the arc of the equator measured 
from the vernal equinox eastward to the hour circle through the 
point. In Fig. 31 the right ascension of point 5' is VM'MD. 
For convenience hour angles and right ascensions are usually 
expressed in hours, minutes, and seconds of time. 

61. Coordinates of the Observer. — The position of the observer 
is defined by means of his latitude and longitude. The latitude 
is the declination of the observer's zenith. In Fig. 31, MZ is the 
latitude of the observer. The longitude is the arc of the equator 
between some primary meridian (usually Greenwich) and the 
observer's meridian. 

62. RELATION Between Altitude of Pole and Latitude 
OF PLACE. — In Fig. 32 the arc PN = arc EZ, since PO is 




Fig. 32. Section of Hemisphere on Plane of Meridian. 



perpendicular to EO and NO is perpendicular to ZO, But 
PN is the altitude of the pole, and EZ is the latitude of the 
observer. Hence the altitude of the pole equals the latitude of 
the observer. 

The relation existing between the altitude of a point on the 
meridian, the latitude of the observer, and the declination of the 
point may be seen from Fig. 32. 

Let A be the point on the meridian; then 

EZ = the latitude = L 
EA = the declination = D 
SA = the altitude = h 
ZA = the zenith distance = Z 
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From the figure 

ZA ^EZ - EA 
or Z = L - D 

and A = 90° - (L - 2?) [12] 

If the point is near the pole, as at B, the following relation is 
convenient. 

PN ^ BN - BP 

or, L = h - p [13] 

where p is the polar distance of J5, or 90° — D. If the point B 
were below the pole the equation would be 



L = h -h p 



[14] 



63. The AstroKOMICAL TriaKGLE. — Many of the problems 
of practical astronomy require the solution of the triangle formed 
by joining the pole, zenith, and a star (or other heavenly body) 
by arcs of great circles. By 
means of this triangle the coor- 
dinates of the horizon system 
may be transformed into those 
of the equatorial system and 
vice versa. 

A special case of the astro- 
nomical triangle, and one of great 
practical importance, is when 
the star is near the pole, and 
is at its extreme eastern or west- 
em position, called its greatest 
elongation. In Fig. 33 the 
point 5 represents a circum- 
polar star* at western elongation, 
and S' the same star at eastern 
elongation. When the star is at S the angle PSZ is 90 degrees 
because the vertical circle ZS is tangent to the star's diurnal 




Fig. 33. Circumpolar Star at 
Elongations. 



* A circumpolar star in any given latitude is one which never goes below the 
horizon; hence its polar distance must be less than the given latitude. 
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circle at the instant of greatest elongation. The azimuth of the 
star at elongation is found from the formula 

. ^ cos D - . 

smZ = r [15] 

cos L ^ ^ 

where Z is the azimuth from the north. The hour angle of the 
star at the instant is found from the relation 

tan L ^ ,- 

cos / = I [16] 

tan Z> ^ ^ 

If the star is not at elongation but its hour angle is known, then 
its azimuth may be found by the formula 

sin / . _ 

tanZ = r- :p: : — : [17] 

cos L tan D — sin L cos / *" ■• 

which may be derived as follows. From the fundamental equation 
of spherical trigonometry we have 

cos A sin Z = cos D sin / (a) 

and cos h cos Z = sin D cos L— cos D sin L cos / (6) 

Dividing (a) by (b) we have 

cos D sin / 



tanZ = 



sin D cos L — cos D sin L cos / 



Dividing both numerator and denominator by cos D we obtain 
equation [17] given above. 

TIBIE. 

64. Definitions. — Apparent Motion of the Celestial Sphere. 

— On account of the earth's rotation on its axis all heavenly 
bodies appear to revolve in a clockwise direction around the earth 
and hence to cross the obser\'cr's meridian twice each day. 

65. Transit. — The instant when a body is on the meridian 
of an obser\'er is called its transit or culmination. When it 
is on the side of the meridian containing the zenith it is called 
the upper transit; when it is on the other side it is called the 
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lower transit. Except in the case of circumpolar stars the upper 
transit is the only one visible to the observer; hence when the 
transit of a star is mentioned, the upper transit is intended 
unless otherwise specified. 

66. Sidereal Day. — A sidereal day is the interval of time 
between two successive upper transits of the vernal equinox 
over the same meridian. 

67. Sidereal Time. — The sidereal time at a given meridian 
at any instant is the hour angle of the vernal equinox. The 
sidereal time as found from observation on a star is 

S =- R + t [18] 

wherie S = the sidereal time 

R = the right ascension of the star 
/ == the hour angle of the star 

The relation expressed in [18] is evident from the definitions of 
these three angles (Art. 60, p. 63). Referring to Fig. 31 we have 
for the position of point W, 

MWV = VEM'W + MW 

which becomes identical with [18] from the definitions. 
At the instant of transit we have 

/ - o 
hence S = R [19] 

i.e., the right ascension of a star equals the sidereal time at the 
instant when that star is on the meridian. 

68. Solar Day. — A solar day is the interval of time between 
two successive upper transits of the sun over the same meridian. 

69. Solar Time. — The solar time at a given meridian at any 
instant is the hour angle of the sim at that instant. The apparent 
angular motion of the sun is not uniform, hence for most pur- 
poses we use the time kept by what is known as the fictitious sun 
or the mean sun, which is a point assumed to move at a uniform 
rate along the equator at such a speed as to make one revolution 
in the same time as the true sun. The time kept by this mean 



6S ASTRONOMICAL OBSERVATIONS [Chap. II. 

sun is called mean solar time. The time kept by the real sun is 
called apparent time, and is the time shown by a sundial. The 
difference between mean time and apparent time is called the 
equation of time. It is given in the American Ephemeris and 
Nautical Almanac for the instant of Greenwich Mean Noon for 
every day in the year. 

70. Astronomical and Civil Time. — In astronomical time 
the day begins at noon and is divided into 24 hours, numbered 
successively from c^ to 24**. The civil day begins at midnight 
and is divided into two parts of 12 hours each. From midnight 
to noon is called a.m., and from noon to midnight is called 
P.M. The civil day begins i2*» earlier than the astronomical 
day of the same date. For example, 

Astr. time May 10, 15** = Civ. time May 11, 3** a.m. 
Astr. time Jan. 3, 7*» = Civ. time Jan. 3, 7^ p.m. 

71. Longitude and Time. — The hour angle of the sun at 
any given meridian is the local (solar) time at that meridian. 
The hour angle of the sun at Greenwich is the corresponding 
Greenwich (solar) time. The difiference between the two is the 
longitude of the given meridian from Greenwich, expressed in 




Fig. 34. Relation between Longitude and Time. 

units of time. In Fig. 34 -4 C is the hour angle of the sun at 
Greenwich, or the Greenwich time. BC is the hour angle of the 
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sun at the meridian 5, or the local time. The difference, AB, is 
the longitude of B west of Greenwich. 

72. Since 24** = 360°, then 15° = i**. Any angle expressed 
in degrees, minutes, and seconds may be converted into hours, 
minutes, and seconds by dividing by 15. The following relations 
will also be found useful. 

1° = 4» and i' = 4* 

73. Solar and Sidereal Ihtervals. — On account of the 
earth's motion in its orbit the sun has an apparent eastward 
motion among the stars. For this reason the sun is retarded in 
its apparent daily (westward) motion, making the solar day 
about 4 minutes longer than the sidereal day. It will be seen 
that the earth makes a little more than one rotation on its axis 
in a solar day. Since this daily retardation is just enough to 
bring the sun back to its starting point at the end of one year, 
there will be just one more sidereal day in the year than there 
are solar days. The length of the tropical* year is 365.2422 
mean solar days, hence 

366.2422 sidereal days = 365.2422 solar days 

or I sidereal day = 0.99726957 solar days 

and I solar day = 1.00273791 sidereal days 

Since the sidereal day is the shorter and is divided into the same 
number of hours, minutes, and seconds, these units of time are 
all shorter than the corresponding solar units, so that in any given 
interval of time there will be more sidereal units than solar units. 
If a chronometer were regulated to sidereal time and a watch 
were regulated to mean solar time, the chronometer would run 
faster than the watch, the gain being about io» per hour, or, more 
nearly, 3™ 56* per day. If the two timepieces agreed at a 
certain date, then they would again agree just one year later, the 
chronometer having gained exactly one day. 

♦ The tropical year is the interval of time in which the sun apparently makes 
one revolution about the earth measured from the equinox to the equinox again. 
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If I^ is a mean solar interval and /, is the corresponding 
sidereal interval, 

then /,==/« + .00273791 X /« 

and Im^ h - .00273043 X /, 

These operations are readily performed by the aid of Tables II 
and III in the Appendix to the Nautical Almanac, in which are 
given the values of the above corrections for every minute up to 
24 hours. Tables V and VI, pp. 395-6 in this volume, may also 
be used for the same purpose. In using these tables it will be 
necessary to take out the corrections for the hours, minutes, and 
seconds separately, and add them together. 

74. Examples. — To reduce 9** 2^^ 5 i».o interval of sidereal 
time to the equivalent interval of mean solar time we enter Table 
II, Appendix to Nautical Almanac, and in column headed 9*^ 
and opposite 23™ we find 1°* 32».234. In the column for seconds, 
opposite 5i», we find 08.139. The sum of these two, 1°* 328.373, 
is the correction to be subtracted from the given sidereal interval, 
giving ^ 22» i8».6 of mean solar time. 

To reduce 7** jo"* to sidereal time we find, similarly, from 
Table III, Nautical Almanac, 1^ io».638, which, added to 7*» 10"^, 
gives 7** ii» io».6 of sidereal time. 

75. Relation between Sidereal and mean Solar Time. 
— The sidereal time at any instant is the hour angle of the vernal 
equinox. The relation between the sidereal time and mean 
solar time is 

5 = if, + /, [20] 

where if, is the right ascension of the mean sun, and /, is the 
hour angle of the mean sun. (See equation [18].) The right 
ascension in the equation is the right ascension at the given instant, 
but if the right ascension is taken as that for the preceding mean 
noon * then 

5 - if, + /, + C [21] 

where C is the correction (from Table III of Appendix to the 
Ephemeris) to reduce /, to a sidereal interval. C is the increase 

* The sun*s right ascension is given in the Nautical Almanac for Greenwich 
Mean Noon for each day. 
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in the sun's right ascension during the inten^al /„ which reduces 
the right ascension of the sun to its value at the instant considered. 
If it is desired to find the mean time from the sidereal time, 
then from equation [i8], 

Sidereal inten'al from noon ^ S — R, 
or Mean time = S - R, - C [22] 

where C is the correction from Table II of the Appendix to the 
Ephemeris to reduce 5 — i?, to a solar interval. C is the increase 
in the sim's right ascension in {S — R,) sidereal hours, and 
reduces the sun's right ascension to its value at the instant con- 
sidered. 

76. Examples. — To find the sidereal time corresponding to 
Qh 22™ i8«.6o on Jan. 7, 1907, at Greenwich. The right ascen- 
sion of the mean sun at Greenwich Mean Noon is found from the 
Nautical Almanac to be 19** o3»» 3^-3^- Reducing 9^ 22™ 
i8».6o to sidereal time we find from Table III (Appendix to 
Nautical Almanac) the correction + i"* 32».37. 

/« = 9 22 18 .60 

C •= I 32 -37 

S = 2hh 27™ 27s .35 

Sidereal time = 4h 27^ 279 .35 

To find the mean solar time when the sidereal time is 4** 27™ 
27».35* on the same date. 

,V = 28h 27m 27* .35 

/?* = I Q 03 36 .38 

i' - /?, = Qh 23m 50B .97 

C = L_32 -37 

Meun time = q** 22m ibs .60 

The right ascension of the mean sun is given in the Nautical 
Almanac at Greenwich mean noon for each day. If the right 
ascension for noon at any other place is desired, we must multiply 
the change in right ascension in i hour (9«.856s) by the number 
of hours in the longitude and add this to the sun's right ascension 

* 24*^ may be added to 5, when neccssan-, to make the subtraction possible, 
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if the place is west of Greenwich, subtract it if the place is east of 
Greenwich. This correction may be taken directly from Table 
III in the Appendix to the Nautical Almanac (or Table VI, p. 396, 
in this volume), since the change in the sun's right ascension 
during a solar interval is the same as the change from solar to 
sidereal time. If the sidereal time given above were at a meridian 
S hours west of Greenwich the computation would be as follows. 

R, = igh 03m 368 .38 
Corr. for 5^ = 49 .28 





19 


04 


25 


.66 


5 = 


= 28 


27 


27 


.35 




9 


23 


01 


.69 


C- 


* 


I 


32 


.24 



Mean Time »= gl* 21™ 29" .45 

77. Standard Time. — In a country extending over many 
degrees of longitude, and especially where there is much rail- 
road travel, local time is not convenient, since it would be neces- 
sary for a traveler to set his watch frequently and by varying 
amounts. In the United States, for example, the following 
system is in use. The country is divided into four time belts 
known as the Eastern, Central, Mountain, and Pacific time belts. 
In all parts of the Eastern belt clocks are regulated to the local 
mean time of the 75° meridian west of Greenwich; in the Cen- 
tral belt the local time of the 90° meridian is used, and so on, 
the time in each belt being that of a meridian 15° west of 
the preceding. Hence in the Eastern belt, clocks are 5** slower 
than Greenwich; in the Central belt 6*» slower than Greenwich, 
and so on. 

CORRECTIONS TO OBSERVED ALTITUDES. 

78. Refraction. — Rays of light from celestial bodies are 
refracted downward upon entering the earth's atmosphere, thus 
causing these bodies to appear higher above the horizon than they 
actually are. The amount of the refraction depends upon the 
apparent altitude of the body observed. The correction for 
this refraction, always subtr?ictive from w obsen^ed altitude, 
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may be taken from Table VII, p. 397, which gives the refraction 
for temperature 50 degrees F., and 30 inches barometric pressure. 
The actual refraction correction varies with the temperature and 
pressure, but in ordinary work it is sufficiently accurate to use 
the mean values given in the table. 

79. Parallax. — Parallax is an apparent displacement of a 
body on the celestial sphere due to the fact that the observer is 
on the earth's surface instead of at its center. It is inappreciable 
in case of the stars, but is. considerable for bodies in the solar 
system, being about 9 seconds for the sun and nearly a degree 
for the moon. The amount of the correction varies as the 
cosine of the altitude; hence it is zero when the body is in the 
zenith and a maximum in the horizon. The value of this cor- 
rection for a body in the horizon, called the horizontal parallax^ 
is simply the angle at the body subtended by the earth's semi- 
diameter. 

80. Dip. — The horizon which is visible to an observer at sea is 
a small circle below the true horizon. When the altitude of a 
body above the sea horizon is measured, as with the sextant, the 
true altitude is obtained by subtracting the angle of dip. This 
may be found approximately from the formula 



Dip (in minutes) = Vheight of the observer's eye (in feet) 

For example, if the eye of the observer were 64 feet above the 
surface of the sea, the visible horizon would be nearly 8 minutes 
of angle below the true horizon. 

81. Semi-Diameter. — In making observations upon the 
sun or the moon the angle should be measured to one edge (or 
limb) of the body and the observation reduced to the center 
by adding, or sulDtracting, the apparent semi-diameter. This 
quantity may be found in the Nautical Almanac. 

82. Successive Approximation. — In nearly all astronom- 
ical work where several quantities are to be found by observa- 
tion the value of each unknown depends upon one or more of 
the others. Hence it will often be necessary to obtain the results 
by successive approximation. For example, in computing the 
azimuth of Polaris, or any other circumpolar star, when it is 
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not at its greatest elongation, it is necessary to know both the 
latitude of the observer and the hour angle of the star. But 
in some of the best methods of finding the sidereal time, from 
which the star's hour angle can be obtained, it is necessary to 
know the approximate latitude, while in determining the latitude 
by some methods it is necessary to know the approximate sidereal 
time. If we can obtain an approximate value of the latitude, 
then using this value we may compute an approximate value of 
the sidereal time. From this value of the sidereal time we may 
obtain an approximate value of the star's hour angle and then 
recompute the latitude, this second value of the latitude being 
much more accurate than the first. If desired, the whole process 
may be repeated, giving still closer results. In this way we may 
obtain the value of either the latitude or the time with any degree 
of precision desired. It is always possible, however, to arrange 
the work so that very few approximations are necessary to give 
the desired precision. 

83. HlRTS ON Observing. — In observations of the character 
here treated the stability of the instrument is of great impor- 
tance. The support should be firm and care should be taken 
that the instrument is not disturbed during the observations. 
If it is necessary to set the tripod in soft ground it will be advis- 
able to drive pegs several inches into the ground and to set the 
tripod legs in notches cut in the tops of the pegs. In order that 
the instrument may have time to settle into a stable position and 
also in order that it may have time to assume the temperature of 
the surrounding air it should be set in position a half hour or so 
previous to the time of the intended observations. 

Careful attention should be paid to all adjustments of the 
instrument, especially if it is impossible to eliminate the in- 
strumental errors by the method of observing. But when the 
best results are desired the obser\'ations should be conducted, 
if possible, in such a way as to eliminate any remaining error, 
even if the adjustments have been carefully made. In measur- 
ing altitudes the index correction should not be neglected, but 
should be determined each time the instrument is turned in 
azimuth. 

The prismatic eyepiece is a necessary attachment to the transit 
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when high altitudes are to be measured. By screwing this 
attachment to the eyepiece tube, altitudes as high as 75 degrees 
may be measured. It should be remembered that the prism 
inverts the image in the vertical direction but does not affect it 
in the horizontal direction; i.e., if this prism is attached to a 
transit having an inverting eyepiece, objects will appear right 
side up but the left and right sides will remain interchanged. 

In making observations at night it is necessary to illuminate the 
field of view in order to make the cross-hairs visible. This is 
usually done by means of a ring-shaped diagonal mirror placed 
in the shade tube in front of the objective. If a lantern is held at 
one side of the objective the light is reflected into the telescope 
tube and gives a bright field, against which the cross-hairs are 
visible. If no such reflector is provided with the instrument a 
gpod substitute may be made by fastening a piece of tracing cloth 
or paper in front of the objective and cutting a hole about half an 
inch in diameter to admit light from the star. The light used to 
illuminate the field should be held so that it will not shine directly 
into the observer's eyes. 

observations for time. 

84. Observations for Time by Transit of a Star across 
THE Meridian. — The simplest way of accurately determining 
the error of a watch by observation with an engineer's transit is 
to set the instrument in the plane of the meridian* and to observe 
the time when some southern star called a time star crosses the 
vertical hair. The star selected for this observation should be 
near the equator so that its apparent motion is rapid. Stars near 
the pole move too slowly to permit of an accurate observa- 
tion. The true time of transit of the star may be calculated as 
follows. The local sidereal time equals the right ascension of 
the star observed (see equation [19], p. 67); hence if only the 
sidereal time were desired the right ascension of the star as shown 
in the Nautical Almanac would be the sidereal time of the obser- 
vationj and a comparison of this with the observed watch time 

* For approximate methods of determining the direction of the meridian see 
Vol. I, Chapter VII. 
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would give the error of the watch on local sidereal time. But 
if mean time is desired it would be necessary to convert this 
sidereal time into the corresponding mean solar time, by equation 
[22] p. 71. 

85. Example. — Suppose that on April 5, 1902, in longitude 
jh 2o»a West, the star a Hydrae is observed to cross the meridian 
at 8*^ 48™ S8».s, by an ordinary watch keeping Eastern time. 
From the Almanac we find that the star's right ascension is (^ 
22™ 48^.4 which is the local sidereal time at the instant of the 
observation. To reduce this to mean local time we must subtract 
from it the " right ascension of the mean sun'^ for the preceding 
local noon. From the Almanac we find that this right ascension 
for Greenwich noon is o>» 51™ 24».6. The increase in this right 
ascension during the interval between Greenwich noon and local 
noon is taken from Table III in the Appendix to the Nautical 
Almanac, which for $^ 20°^ gives -h S2».6. This correction is 
simply the hourly increase multiplied by the number of hours in 
the longitude. This ^ves o*> 52™ i7» 2 for the corrected right 
ascension of the sun. The remainder of the computation is as 
follows. 

R. A. star = g^ 22"* 4S.B .4 

R. A. sun = 52 17 .2 

8 30 31 .2 

C I 23 .6 

Mean local time = 8 29 07 .6 

Reduction to 75® Meridian time = 20 .0 

Eastern time = 8h 49"* 07s .6 

Watch time «= 8 48 58 .5 

Watch is slow 9».i 

This method presupposes a knowledge of the direction of the 
meridian and therefore in many cases it could not be used. 

86. Choice of Methods. — In determining the azimuth of 
a line it is desirable to use a method which will permit of an 
observation being made at any time and with sufficient pre- 
cision for the purpose in hand. In order that the star's azimuth 
may be computed at any time except at elongation it is neces- 
sary to know the local sidereal time of the observation, since 
this is needed in computing the star's hour angle. Since the 
time of the observation will always be somewhat in error, it is 
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advisable to use only close circumpolar stars (preferably Polaris) 
for the azimuth observation, so that errors in the time will have 
the least possible eflFect on the hour angle. It is also necessary 
to know the latitude of the observer. In order that the computed 
azimuth of Polaris shall be correct within about i'', it will in 
general be necessary to know the time within about i» and the 
latitude to the nearest minute of arc. To obtain the latitude 
and the time with the required accuracy it will usually be necessary 
to make special observations for these quantities, for latitudes 
scaled from maps cannot always be relied upon, and the time 
obtained from any source except direct observations is uncertain, 
and even if this were reliable an ordinary watch can hardly be 
depended upon to run accurately for any considerable length of 
time. Furthermore, the computed local time would depend upon 
a longitude scaled from a map and hence be doubly uncertain. 
For these reasons the best results will be obtained when the local 
time and the latitude are determined at the same time as the 
azimuth itself. 

The simplest way of finding the time would be to observe the 
transits of several stars across the meridian. But since the 
direction of the meridian is not known with accuracy it will be 
necessary to resort to some method which will give the necessary 
precision without requiring that the instrument be turned into 
the meridian plane. Below are two methods which fulfill these 
requirements. 

87. Time by Transit of a Star across the Vertical 
Circle through Polaris.* — Instead of observing the transit 
of a star across the meridian its transit may be observed across 
the vertical circle of a circumpolar star, preferably Polaris, and by 
computing a correction to the starts right ascension the sidereal 
time can be obtained. The method of observing is as follows. Set 
up the transit and level it; set the vertical cross-hair on Polaris and 
note the instant of bisection by a watch; then turn the telescope 
over about its horizontal axis, being careful not to disturb its 

* This method is given by Mr. George O. James in the Jour. Assoc. Eng. Soc., 
Vol. XXXVII, No, 2, and is a modification of that of Professor Frederick H. Scares, 
given in Bulletin No. 5, Laws Observatory, University of Missouri. 
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azimuth, and set the vertical arc at the meridian altitude* of 
some southern star (called a time-siar) which is about to cross 
the meridian; note the instant of transit of this star over the 
vertical cross-hair. The time of transit across the vertical circle 
through Polaris may differ by as much as 7 or 8 minutes from the 
time of transit across the meridian, and it will come earlier or 
later than the meridian passage according to whether Polaris is 
west or east of the meridian at the time of the observation. The 
altitude at which the telescope must be set in order to find the 
star may be found with sufficient accuracy from equation [12], 
p. 65. If the instrument has a vertical circle the altitudes of 
both Polaris and the time-star should be measured either just 
before or just after the time observations. It is advisable to 
eliminate instrumental errors by making a second observation, 
on a diflFerent time-star, with the telescope reversed. 

From these two observed times, one on Polaris and one on 
the time-star, the error of the watch may be computed. Let 
R and R^ = the right ascensions of the time-star and Polaris, 
S and Sq = the sidereal times of transit, and / and /^ = the hour 
angles of the two stars, the subscripts in each case referring to 
Polaris. 

Then t ^ S - R 

and /^ = 5„ - R^ 

.-. /, - / ^(R^R^)- (S- S,) 

S — S^ is the observed interval, expressed in sidereal units. 
If this is observed with an ordinary watch the interval must 
be reduced to sidereal time by a correction taken from Table III, 
Appendix to the Nautical Almanac. The equation may then 
be written in the form 

/, - / = (/e - i?,) - (r - T,) - c [23] 

where T and 7",, are the actual watch readings for the two obser- 
vations, and C is the small correction to reduce T — T^to 
sidereal time. 

♦ Computed beforehand approximately; see p. 80. 
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In Fig. 35 let P^ be the position of Polaris; P, the pole; Z, the 
zenith; and S, the time-star. Also, let Z and Z^ be the azimuths 
(angle P^P); t and /^ the hour angles; p and p^ the polar dis- 
tances; and z and z^ the zenith distances of the two stars, those 
marked with subscripts referring to Polaris. 




Fig. 86. Projection of the Sphere on the Plane of the Horizon. 



In the triangle PP^ we have 







sin /fl 
sin z^ 


sinZ^ 
sin^. 


and in 


triangle PZS, 


sin / 
sin 2 


sinZ 
sin p 


Since the azimuth of the instrument has not changed 






Z = 


i8o° + Zo 


and 




sin Z, = 


— sinZ 



[24] 
[25] 
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also, since the time-star is not far from the meridian, its zenith 
distance may be taken as its meridian zenith distance, i.e., 
z = L — D. If the zenith distance of Polaris has not been 
measured it may be conveniently found by z^ = 90° — (L — c), 
where c is the correction given in Table IV of the Appendix to 
the Nautical Almanac, or it may be taken as + p^ cos /^. By 
substituting these values in equations [24] and [25], and solving 
for sin /, we may obtain 

sin / = — sin p^ sin /^ sec D sin (L — D) sec {L — c) 

Since / and p^ are always small we may put / = sin / and p^ = 
sin A 

.'./=— p^ sin t^ sec D sin (L — D) sec {L — c) [26] 

or if the altitudes have been directly measured 

i = — Po sin t^ sec D cos h sec h^ [27] 

Since t^ is at first unknown it is necessary to solve by a series 
of trials. We first obtain an approximate value of t^ from 

V =(R- R,) - (T-T,)-C [28] 

Using this value of // in equation [26] we obtain /', which is an 
approximate value of /. A corrected value of /^ is then found by 

io = V + i' [29] 

With this new value of /^, / may be recomputed. If this second 
value of / differs much from the first it will be necessary to 
recompute /^. We may estimate roughly, in advance, the 
value of / and add this (algebraically) to /,,', remembering that if 
t^ is less than i2*>, / is negative. This will give a closer value of /^ 
on the first approximation, and may frequently make it unneces- 
sary to recompute /^. 

The final value of /, the hour angle of the time-star at the 
instant of observation, is the correction to be added algebraically 
to the star's right ascension to obtain the true local sidereal 
time of the observation. 
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Example i. 

Lat. 42® 21' N. Long. 4^ 44m i8» W. 

Date, May 8, 1906. 

Observed time of bisection of Polaris Sh 35111 ^gs 
Observed time of transit of Virginis 8 39 43 

Diff. 3m 458 



L = 42° 21' 






SS"" 06' 



R «— 12^ 00™ 26B .3 

^0"- I 24 35-4 

R- Ro^ 
T -To' 



r = 

H-^'^ 



• 10 


35 50 -9 

3 45 

.6 


■ 10 

158** 


32 05 .3 
oi'.3 

tq'.R 



157° 41'. 5 



Po- 7i'-85 

log sec D = o .0057 

log sin (L - Z>) = 9-7373 

log sec (L — f ) = o . 1 238 

log sin V = 9.5732 

log/' = I .2964n 

/'= -i9'.7'? 



New value of log sin /q' =* 9 .5793- 

This would increase log sin /q' 61 in units of the 4th place, giving — 20'. 07 for /, 
or — 8o» .3 = — ina 20" .3. 

The true sidereal time may now be found by simply subtracting im 20B.3 from 
the right ascension of the time star. If the error of the watch on Eastern time is 
desired the complete reduction is as follows. 



/? = 


I2h 


com 


26 .3B 


i = 




- I 


20.3 


5 = 


II 


59 


06.0 


^-- 


3 


02 


23.6 




8 


56 


42.4 


II, Appendix to N. A. - 




I 


27 Q 




8 


55 


14.5 


ction to 75° Meridian =» 




T5 


4T.7 


Eastern time = 


8 


39 


32.8 


Watch reading =» 


8 


30 


43 


Watch fast 






IC8.2 
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Example 2. 

Lat. 42° 02' N. Long. 72° 21 '.2 W. 

Date, June 14, 1906. 

Observed time bisection of Polaris 8h i6m ii» 
Obsen-ed lime transit of n Hydrae 8 22 53 .5 
Diff. 6 42 .5 

R =» 14^ oimo2«.7 Po'= 71'. 97 

R^ =» I 25 04.2 log />o = I .8572 

/?-/?o=-i2 35 58.5 iogsecI> = 0.0471 

r - To «= 6 42 .5 log sin (L - D) = 9 .9680 

C «- 1 .0 logsec (L — c) «= 0.1212 

V - 1^ 29 15.0 log sin /o' = 9 io47« 

= 187° 18'. 75 log sin /' = 1 .0982 

r = 4- 12 .54 <' - + 12 .54 
V+<'- 187° 31'. 3 
New log sin <q = 9 .1170, increase ="123 
New value of / = + i2'.9o = + 518 .6 

R = i4l» oim 02» .7 

5 = 14^ Dim 54s .3 

88. TIME BY TWO STARS AT EQUAL ALTITUDES. — In this 
method the time is determined by noting the instant when two 
stars are at the same altitude, one of the stars being east of the 
meridian (rising) and the other west (setting). 

If 'the altitude of any star and the corresponding watch time 
were observed when the star was east of the meridian, and the 
time again observed, several hours later, when the star had this 
same altitude, but on the west side of the meridian, then since 
the apparent motion of the star is uniform the mean of the two 
observed times would be the watch time of meridian passage 
of the star. At the instant of meridian passage the sidereal time 
equals the right ascension of the star; hence the error of the 
watch may be found by reducing this sidereal time to the corre- 
sponding instant of mean time. 

While such a determination is very accurate there is the 
disadvantage that several hours of time would be required to 
complete the observ^ation. Therefore instead of observing the 
same star in each case it is more convenient to select two stars 
having nearly the same declination but differing several hours 
in right ascension, one being east of the meridian and th^ other 
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west, and to observe the instant when these two stars have equal 
altitudes. In this case the sidereal time will not exactly equal 
the mean of the right ascensions of the two stars but will 
require a correction for the diflFerence in hour angle due to the 
difference in declination. 

The observation is made by setting the horizontal cross-hair a 
little above the easterly star (a few minutes before the moment 
of equal altitudes) and noting the time when the star passes the 
horizontal hair; the telescope is then turned to the westerly star, 
without changing the inclination of the telescope, and the time 
noted when this star passes the horizontal hair. The altitude 
need not be read, because its actual value is not needed, the 
essential requirement being that the inclination of the telescope 
shall be the same for both observations. 

In Fig. 36 NESW represents the horizon, Z the zenith, P the 

N 




Fig. 36. 



S 

Projection op the Sphere on the Plane of the Horizon. 



pole, Sg the easterly star, and 5«, the westerly star. Let /^ and 
/^ be the hour angles of S^ and S„ respectively, and let H Se S^, 
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be a circle parallel to the horizon, i.e., a circle of equal altitudes. 
In the diagram the star S^t is farther from the pole than S„ i.e., 
it has a smaller declination and hence has a smaller hour angle, /«,. 
The fundamental equation of spherical trigonometry giving the 
relation between the altitude, the latitude, the declination, and 
the hour angle is 

sin A = sin Z> sin L -f cos D cos L cos / [30] 

To find the effect upon the hour angle produced by a change in 
declination we differentiate equation [30] with respect to D and 
/ as variables, obtaining 

o = sin L cos D dD — cos D cos L sm t dt — cos L cos / sin D dD 
Solving for dt we obtain 

dt ^ dD l^^ -'^^\ [31] 

V sin / tan / / ^^ ^ 

In this formula dt and dD are infinitesimals, dD being a change 
in declination and dt the resulting change in the hour angle. To 
apply this formula to the case of two stars at equal altitudes we 
have from equation [18] 



C _ -^« g "^ ^e . ^r ~ le 



i.e., the correction to the mean right ascension of the two stars 
is half the difference of the hour angles. This half difference 
of the hour angles is the change produced by half the difference 
in declination. Since these quantities are small we may substi- 
tute — = e for the differential dt, and i (£>« ~ D„) for 

2 

dD. D may be taken as the mean of D^ and />«,, and / as the 
mean of the two hour angles. The value of / depends not only 
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upon the difference in the right ascensions, but also upon the 
time elapsed between the observations and is nearly equal to 

2 2 

when the east star is observed first, and 

2 2 

when the west star is observed first, T„ and T^ being the actual 
watch readings for the two observations. 

Let e = the correction to- (R^ + Rw) 

2 



dt 


= 


- 


15 


e 




d 


= 


A 


2/ 


D^ 


♦ 


A 


= 


- 




t 




15 


sin 


/ 


B 








t__ 





15 tan / 

Substituting these values, equation [31] then becomes 

e = >I tf tan L + 5 c/ tan Z> [32] 

which is known as the equation oj equal altitudes. The factor 15 
is introduced to reduce e to seconds of time, D^ — D^, being in 
seconds of arc. Values of log A and log B will be found in Table 
VIII, p. 398. 

* We may think of the star 5 as actually moving from its first position at 5« 
to that of Swt ~ — corresponding to the hourly change in declination. 
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Example 


I. 




Obsesvation for Time by 


Equal Altttudes. 




Lat. 42** 28' N, 




Long. 7i<» 03' 45' W. 






Date, December 18, 1904. 




Star 


RioRT Ascension 


Declination Watch 




a Ononis (E) 


jh 50a 02« ,6 


+ 7** 23' 1/.8 6b 50m 4c» 




a Aquilae (W) 


19 46 07 .3 


+ 8 37 10 .5 6 41 18 


:5 


Average 


48 05 .0 


■f 8 00 12 .2 6 45 59 


.2 


Difference 


10 03 55 .3 

9 21 .5 


-I 13 56 .7 9 21 


•S 


2f- 


9** 54™ 33- .8 








log(De-D«,) 


« 3 .647i« 






log 2/ 


«- .9961 






log J 


— 2 .6510/1 




log^f 


« 2.651011 


logrf = 2.65IOW 




logi4 


=- 9 .53S4» 


log B - 8 .9672 




log tan L 


-9.9615 


log tan D » 9 .1480 




log ist term 


- 2.1479 


log 2d term = .766211 






+ 1 408.6 


-5- .8 






- 5.8 






€ 


- + 134.8 

- + 201 14B .8 






Average Right Ascension 


oh 48m 058 .0 




€ 




+ 2 14 .8 





Sidereal time 

Right Ascension of Mean Sun 



17 


SO 
47 


19 .8 
27 I 


Reduction to solar 


7 


02 

I 


52 .7 
09 -3 


Reduction to 75th Meridian time 


7 


01 
IS 


43 .4 

45 .0 


Eastern Standard time 
Observed time 


6 
6 


45 

45 


58.4 
59 .2 



Watch fast 



o .8 



Strictly speaking the quantity {Tw — Te) should be reduced to sidereal interval 
but the effect on the value of log d is usually so small that this correction need not 
be made. 
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Example 2. 
Observation for Time by Equal Altitudes. 



Lat. 42** 21' N. 



Long. 4^ 44m 18s W 



Stak 
a Ceti (E) 
d Aquite (W) 
Averages 
DifiFerences 



Right Ascension 
10 20 43 .6 



+ 3' 
+ 2 



23 °9 


03 .8 


7 36 


38 -S 


4 


13 • 



Declination 
43' ^y-'.i 
55 44 .0 



+ 3 19 56 
+ 0° 48' 25*^ 



Watch 
5^ i8m 00s 
5 22 13 
5 20 06 .5 

04 13 



2/ » 



7^ 40m 51". 5 

log {D. - Dw) 
log 2/ 



logJ« 2.5778 
log i4 — 9 .4818ft 
log tan L ■" Q .Q598 
log ist term — 2 .oi94» 
— 104.6 
3-6 

« -» — lOI .0 



Average Right Ascension 

e 

Sidereal time 



' 3 .4632 
' o -8854 

2 .5778 

logrf « 2.5778 

logB = 9.2107 

log tan D = 8 .7652 

log2dtenn «= 0.5537 

+ 3.6 



2311 09m 02« .8 
— I 41 .0 



23 07 21 .8 



This, reduced to standard time, shows the watch to be 5" .0 fast. (The right 
Bscension of the mean sun at local mean noon is I7h 30m 43s .2.) 

The advantage of the above method is that the absolute 
value of the altitude is not used, so that errors due to the 
uncertainty in the refraction and index corrections do not aflfect 
the result. 

It is well to compute beforehand the approximate time of equal 
altitudes and to observe the first star a few minutes before this 
time arrives. In this way the interval between the observations 
may be kept conveniently small. This interval need not be 
greater than about 5 minutes. 

It is evidently immaterial whether the east star is observed 

before or after the west star, provided we add — (r«, — T,) in 



the first case and subtract it in the second. If one of the stars is 
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bright and the other faint it will be well to observe the bright star 
first. The faint star can be found by estimating the time when 
it should cross the horizontal hair. 

The declinations should not differ by more than about 3 degrees 
if great precision is desired, but if the difference is as great as 
5 degrees the resulting error will not be large enough to have an 
appreciable effect upon an azimuth observation made with an 
ordinary engineer's transit. This method is most accurate when 
the observer is near the equator because an error in the altitude 
has a small effect on the azimuth; it is practically useless in very 
high latitudes because the stars move rapidly in azimuth but 
slowly in altitude. 

Equation [31] may be put in the form 

1 / n T^ \ ftan L tan Dl . , 
e = -- _ (p D^)\- — ; - - — - [33] 

2 Lsm < tan / J 

e and (JD^ — D^) both being expressed in seconds of time. In 
this form the solution may be effected without the tables of log A 
and log B* 

Table i, p. 90, contains a list of stars which may be used in 
observing by this method. All of the stars in this list will be 
found in the American Ephemeris and Nautical Almanac. A 
larger number of pairs may be obtained by using also the list 
given in the Berliner Astronomisches Jahrbuch. 

A star chart of convenient size to take into the field, such as 
Young's ** Uranography," f is a great aid in identifying the stars. 

89. Time by a Single Altitude. — A fair approximation to 
the sidereal time may be determined by taking the altitude of 
a star or a planet which is nearly east or west and noting the 
lime corresponding to this altitude. The hour angle of the 
star may then be computed by the formula 



tan i / = v/(. ^o''f('-/) ) [34] 

^ ▼ Vsm (s - L) cos (s - p)/ •• ■■ 



* This is the solution given by Professor Comstock in " Field Astronomy for 
Engineers," published by John Wiley & Sons, 
t Published by Ginn & Co., Boston. 
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in which / = the hour angle of the star 

h = the ahitude of the star 
p = the polar distance of the star 
L = the observer's latitude 



and s 



_ L -\- h -{- p 



If the star is east of the meridian the computed hour angle 
should be subtracted from 24** or else considered as negative. 
With this hour angle we find the sidereal time from 

S = R + t 

To obtain the best results the observation should be made when 
the star is about due east or west, but not too near the horizon. 

Example. 

Observed altitude of Jupiter (east), January 9, 1907. 

Lat. = 42° i8'.o Long. = 71° if .5 

Obs. Alt. = 44° 55' Time 7^ 32m 02* 

L C. = - 1' 
Refrac. = - 1' 



h =44° 53'* D = -f 23° 18' 09-^.5 
p^ 66° 41' 50^.5 
L = 43° 18' .0 


A = 44 S3 ^ - 
^ = 66 41 .8 s - 


-L == 34° 38' .4 
- /i = 32 03 .4 


152 112 .8 5- 


- /> = 10 14 .6 


5 = 76 56 .4 




log cos 5 =9 .35405 
log sin (5 - h) = 9.72490 


log sin (5 - L) = 9.75467 
log cos (5 - />) = 9 .99302 


9 07895 
9.74769 


9 74769 


2)9.33126 




9 .66563 




i/=24« 50^48'' 

t = 49° 41' 36* 

= 3h i8m 46a 

R. A. = 6 18 59 


.4 (east) 

.8 


Sidereal time = 3*1 oom 138 


.4 for watch time 7^ 32m 02s. 



* For the planet Jupiter the parallax correction is negligible. For Mercury 
and Venus this correction should not be neglected. 
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TABLE 1. 
Stars for Time by Equal Altitudes. 



Stars 



7 Tauri . . 
c Delphini 

7 Tauri . . 
a Delphini . 

7 Tauri . . 
c Pegasi . . 

P Eridani . . 
P Aquarii . . 

a Tauri . . 
a Pegasi . . 

P Tauri . . . 
X Pegasi . . 

V Orionis . . 
a Pegasi . . 

7 Geminorum 
a Pegasi . . 

a Lepwris 
P Ceti . . . 

a Canis Majoris 
P Ceti . . . 

P Geminorum 
a Andromeda! 

P Canis Minoris 
d Pisdum 

P Canis Minoris 
e Pisdum 

a* Geminorum 
P Andromedae 

a Arietis . . 
d Geminorum 

a Canis Minoris 

7 Ceti . 

. a Hydne 
^^ Ceti . 

8 Leonis 
P Arietis 

t Leonis 
a Arietis 

7* Leonis 
p Arietis 





Approxi- 




mate Side- 


Magnitude 


real Time of 




Equal Alti- 




tudes 


3.8 
4.0 


ch 14m 


3.8 
3-9 


25 


3-8 
2.4 


46 


2.9 
2.9 


I 16 


I .o 

2-5 


I 42 


1.8 
4.1 


2 09 


4-5 

2-5 


2 31 


2 .O 

2.5 


2 43 


2-7 
2 .2 


3 01 


-I .4 

2 .2 


3 34 


I .2 
2.1 


3 52 


11 


4 00 


3.1 
4.3 


4 08 


1.9 
2 .2 


4 20 


2 .1 
3-5 


4 35 


3.6 


5 00 


2 .1 
3-6 


5 20 


^:l 


5 39 


3.2 
2 .1 


5 SO 


::l 


6 02 



SUra 



7* Leonis . 
a Arietis . 

a Hydrae . 
£ Eridani . 

7* Leonis . 
e Arietis . 

p Leonis . 
f Tauri 

a Leonis . 
7 Tauri . . 

d Leonis 
a Tauri 

P Leonis . 
7 Tauri 

p Leonis . 

I I Orionis 

V Leonis 
e Orionis . 

V Virginis 
d Orionis . 

7 Virginis 
e Orionis . 

a Bootis . 
a Tauri . . 

Virginis 
d Orionis . 

a Virginis 
K Orionis . 

a Scrpentis 
a Orionis . 

P Librae . 
P Orionis . 

a Corona Borealis 
P Tauri . . . 

a Bo5tis . . 
d Geminorum 

p Bo5tis . . 
a* Geminorum 

P Herculis . 

II Geminorum 



Magnitude 



2-5 
2 .1 

2 .1 

3-7 

2-5 
4.6 

4.0 
4.3 

1.3 
3.8 

2.7 
1 .0 

2 .2 
3-8 

2 .2 
4.7 

4-4 
I .8 

4.0 
2-3 

2.9 
1.8 

0.2 
I .0 

4.6 
2.3 

I 
2 



0.2 

35 

3.6 
1.9 

2.8 
35 



Approxi- 
mate Side- 
real Time of 
Equal Alti- 
tudes 



6l» 12m 

6 22 

6 35 

7 02 

7 IS 

7 42 

8 00 
8 22 
8 30 

8 51 

9 04 
9 16 
9 26 
9 34 
9 SI 

10 12 

10 29 

10 47 

11 00 



STAR LIST FOR EQUAL ALTITUDES 
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TABLE L — Continued. 



Stan 



a Sexpentis 

a Canis Minoris 

P Herculis 
d Geimnorum 

a Seipends 
fi Cancri . 

a Serpentis 
t Hyarae . 

fi Librae 
a Hydrse . 

P Herculis 
7 Cancri . 

fi Herculis 
fi Geminorum 

^ Ophinchi 
a Hydne 

K Ophinchi 

Leonis . 

a' Herculis 
a Leonis . 

a Ophinchi 
a Leonis . 

1 Aquilae . 
a Hydra . 

d Aquilae . 
t Hydne . 

I Aquils . 
d Cratcris 

a Aquilae 
o Leonis . 

a Aquilae 
a Leonis . 

19 Serpentis 
19 Viiginis 

V Serpentis 
7 Virginis 

7 Aquilae . 
P Leonis . 

a Delphini 
P Leonis . 



Magnitude 


Approxi- 
mate Side- 
real Time of 
Equal Alti- 
tudes 


2.7 


iih 35m 


2.8 
3.5 


" 51 


11 


12 02 


2.7 

35 


12 II 


2.9 
2.1 


12 20 


2.8 
4.9 


12 32 


35 
1 .2 


12 42 


2.8 
2 .1 


13 02 


It 


13 16 


3.2 
1.3 


13 33 


2 .2 
1-3 


13 47 


4.0 
2 .1 


13 57 


3.5 
3 5 


14 08 


4.0 
3.9 


14 38 


0.9 
3.8 


14 44 


0.9 
1-3 


15 01 


3 5 
4.0 


15 23 


3 5 
2.9 


15 32 


2.8 
2 .2 


15 51 


3-9 
2 .2 


16 09 



Stars 



a* Capricorni 
a Virginis 

P Aquarii . 
d Virginis 

P Aquarii . 
i" Virginis 

a Pegasi . 
e Virginis 

X Pegasi 
a Bootis . 

f Capricorni 
d Scoq)ii . 

X Aquarii . 
P Librae 

a Andromedse 
t Bodtis . . 

a Andromedae 
a Corona Borealis 

fjL Andromedae 
d Bootis 

a Pegasi 
a Ophinchi 

7 Pegasi 
a Ophinchi 

P Ceti 

fi Sagittarii 

7 Pegasi 
t Aquilae 

a Ceti . 
K Ophinchi 

P Trianguli 
P Ljrrae 

p Arietis 
7 Sagittae 

a Ceti . 

d Aquilae 

a Ceti . 
P Aquilae 

17 Tauri 
7 Sagittae 



Magnitude 



3.7 

1 .1 

2.9 
4.6 

2.9 
3.6 

2.5 
31 

4.1 
o .2 

3.8 
2.6 

3-8 
2.9 

2 .1 
2.6 

2 .1 
2.3 
4.0 
3-5 

2-5 
2 .2 

2.8 
2 .2 

2 .2 
4.1 

2.8 
31 
2.6 
3-4 

31 
3.6 

2.8 
3.6 

2.6 

3 5 
2.6 
3-9 

31 
36 



Approxi- 
mate Side- 
real Time of 
Bqiial Alti- 
tudes 



i6h 52m 

17 18 

17 40 

17 54 

18 22 
18 36 

18 58 

19 21 
19 45 

19 56 

20 11 

20 46 

21 16 

21 33 

22 05 
22 24 

22 50 

23 08 
23 29 
23 41 
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OBSERVATIONS FOR LONGITUDE. 

90. Methods of Determining Longitude.— Rough dcier- 
minations of longitude, sufficiently accurate however for cor- 
recting the quantities given in the Ephemeris, may be made by 
means of a watch or a chronometer. If the error of the watch 
on the mean solar time of any meridian is obtained by one of 
the methods described, and the watch then carried to a second 
meridian and the observations repeated, the difference of the 
errors at the two places is the difference in longitude, provided 
the watch has run correctly on mean solar time during the 
interval between the observations. If the rate of the watch is 
known, or can be found, it should be allowed for. Unless the 
rate of the watch is unusually large, however, the resulting error 
in the longitude will not produce an appreciable error in the 
results of observations for time or azimuth. 

The longitude could be found in exactly the same way if 
sidereal time were observed except that it would be necessary to 
use a sidereal chronometer or else allow for the error of the watch 
on the sidereal rate. 

If the Standard time can be obtained accurately at a tele- 
graph station, a comparison of this Standard time with the 
observed local time will give the difference in longitude between 
the Standard Meridian and the place. 

OBSERVATIONS FOR LATITUDE. 

91. ACCURACY REQUIRED IN THE LATITUDE. — In order to 
obtain the time or the azimuth by the methods described in this 
chapter (except time by transit across the meridian) it is necessary 
to know the approximate latitude of the place of observation. 
If an observation can be made on Polaris at culmination, or on 
the sun at noon, the resulting latitude will be sufficiently accurate 
for the purpose. (See Vol. I, Arts. 216-7, p. 196.) It is easily 
seen from equation [15] that in order to obtain the azimuth 
within about one second it is necessary to know the latitude 
only to the nearest minute, for places anywhere in the United 
States. If the point of observation is a triangulation station 
the latitude will of course be accurately known. 
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92. Latitude by Altitude of Polaris. — If the latitude 
is not known it may be determined conveniently from Polaris 
when the time observations are made. By means of transits 
over the vertical circle through Polaris (Art. 87, p. 77), or else 
by equal altitudes (Art. 88, p. 82), the sidereal time is deter- 
mined. Just before or just after these time observations a 
series of altitudes on Polaris is taken, the time being noted at 
each pointing. The latitude may then be deduced as follows. 
With an approximate value of the latitude compute the sidereal 
time and thence the hour angle of the star corresponding to the 
mean of the observed times. If nothing is known in regard to 
the latitude the measured altitude may be taken as approxi- 
mately equal to it. As soon as the approximate value of the hour 
angle is known a closer value of the latitude may be estimated, 
and then a closer value for the hour angle computed. The 
observed altitudes must be corrected for refraction and the 
mean taken. The latitude may then be, computed by the series* 

L = h - p cos I + ^sin i' p^ sin^ / tan A . . . [35] 
(log i sin i' = 6.1627 — 10) 

The polar distance, pj is in minutes of arc. The latitude thus 
found may be used in the formulas for time and for azimuth. 

If the latitude can be found from both southern and circum- 
polar stars the instrumental errors will be eliminated by taking 
the mean, for if the altitudes are all too large by a constant 
amount this will make the latitudes derived from southern stars 
too small, while those derived from northern stars will be too 
large. 

93. LATITUDE BY ALTITUDE OF THE TIME-STAR. — The ob- 
servation on a southern star when on the meridian would consist 
in measuring its altitude and computing the latitude by equation 
[12]. If the line of sight of the transit is in the plane of the 
meridian the vertical angle is measured when the star crosses 
the vertical hair. If the direction of the meridian is not even 
approximately known the star may be followed until its mazi- 



* The derivation of this formula may be found in Chauvenct's " Spherical and 
Practical Astronomy," Vol. I, p. 253. 
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mum altitude is reached, which will be the altitude desired. 
In such cases as we are now considering it will often be incon- 
venient to measure the star's meridian altitude. If desired the 
altitude may be observed at any time within a few minutes of 
the time of transit, provided the sidereal time of the observation 
be accurately known, and the maximum altitude may be com- 
puted. The path of the star is a curve which becomes hori- 
zontal at the meridian. The amount by which the star is below 
the maximum altitude at any instant may be found by the 
expression 

r> v^ ia v^ cos L COS D . ,, ^ ^n 

C = 112.5 X /* X : sm i" [36] 

^ cos h ^^ ■■ 

log (11 2. 5 X sin i") = 6.7367 

in which / is the interval before or after meridian passage 
expressed in seconds of time; h is the measured altitude of the 
star; and D is its declination. The latitude, L, is only approxi- 
mately known, but since the correction itself is small, an error in 
the value of L will have but a slight eflfect on the final result. 
If desired a second approximation can always be made, giving 
a closer value for the correction. 

Such observations as this may conveniently be made on the 
southern stars used in determining time by the method of 
Art. 87, p. 77. The observations should not be made when the 
star is more than 30™ from the meridian. In the following 
example all of the observations were made at the same place and 
on the same date for the purpose of determining the time and 
the latitude simultaneously. 

Example. 

January 9, 1907. 
Observed altitudes of Polaris near upper culmination. 
Watch 6h 49™ 26« Alt. 43** 28 .5 I. C. - - i' 

51 45 28.5 

54 14 28 

56 45 28 

Observation for time by method of Art. 87, p. 77. 

Watch time of bisection of Polaris «= 7^ 07m 20* 
Watch time of transit of y Ceti = 7 09 02 
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Observed altitudes of 7 Ceti near meridian. 
Watch yh lom ooi Alt. 50° 33' I. C. - - i' 

" 23 33.5 

13 30 33 

Observed altitudes of Polaris. 
Watch 7h i8m oo« Alt. 43° 26* I. C. - - i' 

19 15 26 

Observation for time. 
Watch time of bisection of Polaris = yh 22in oo» 
Watch time of transit of a Ceti =7 27 4a 

Observed altitudes of a Ceti near meridian. 
Watch 7h 28m 30* Alt. 51** 26' I. C. - - i' 

35 45 24 

39 10 22 

40 37 21 

From the Nautical Almanac we find that the right ascension of 
7 Ceti is 2*» 38»a 28«.6; the declination is + 2° 50' 30''. The 
right ascension of Polaris is i*» 25™ 49».4; the declination is 
4- 88® 48' 51''. I. Since L is not known we may use an approxi- 
mate value derived from the observation; we know that the 
pole star is not far from its upper culmination because the 
sidereal time must be nearly 2'^ 38^ 28».6 and hence the hour 
angle of Polaris is about i hour. (Equation [18].) 

Observed altitude — 43° 28' 
Refraction correction = — i 

Index correction = — i 

Polar distance = — 1° 11' 



Latitude = 42° 15' (approx.) 

Also, the term (L — c) may be only approximately determined; 
but since we have measured the altitude directly it is not neces- 
sary to compute (L — c), but the measured altitude 43° 28' 
corrected for refraction may be used in computing / from the 
transit of 7 Ceti (Equation [27]). From the above data we 
find that the local sidereal time corresponding to the watch 
reading *j^ 09°^ 02* is 2^ 37™ 14M., 

Reducing the first set of observations of Polaris we find for 
the mean of the altitudes 43° 28'. 2. Correcting for index 
error and refraction we have 43° 26^2 as the reduced altitude. 
The average watch reading is 6^ 54™ 02».s. To obtain the 
hour angle of the star we find the watch interval between the 
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transit of 7 Ceti and the altitude obsen^ations to be 7^ 09m 02^ — 
6h 54m o2».5 = 14™ S9^'S' This interval in sidereal minutes 
and seconds is 15"* o2».o. Subtracting this from 2^ 37'" 14M 
we obtain 2*» 22™ 12M for the sidereal time of the observation 
for altitude. By equation [18] the hour angle of Polaris is 
c^ 56m 22>.7 or, in arc, 14° 05^7. The calculation of L is then 
as follows. 

Pq = 71' .15 log pQ = I .8522 log const. = 6 .1627 

log cos t = 9 O.S67 log />y* = 3 .7044 

I .8389 logsin'* = 8,7734 

log tan h = Q 0762 

8.6167 

— Pq cos / = — 69' .01 

2d term = -f o' .04 
Hence L = 43° 26' .2 - i'' 09' .0 ^ 42° 17' .2 (a). 

A recomputation will show no appreciable change in the result- 
ing sidereal time as found from the transits of a and 7 Ceti. 

From the watch times of the altitudes of 7 Ceti we find the 
hour angle to be as follows. 

Red. Alt. Sid. time Hour angle = t 

50° 31'. 2 2h 38m 128.3 — cm 16B.3 

31 7 39 35 5 +1 06 .9 

31 .2 41 42 .8 +3 14 .2 

For the last altitude we find the correction as follows. 

log cos L =9 .8691 
log cos D =9 .9995 
log sec h = o .1967 
log const = 6 .7367 
2 log/ =4.5765 

'i-37«5 
23' .9 = o' .4 

Since this term varies as the square of the number of minutes 
from the meridian it is evident that the corrections for the other 
two observations arc negligible. Hence the last altitude is 
50° 31^6 and the mean of the three is 50° 3i'.5. The latitude 
is then found as follows. 

Meridian altitude 50° 31'. 5 

Declination 2 50 .5 

Co-latitude 47 41 o 

Latitude 42° 19' .0 (b) 

The mean of the two results for latitude (a) and (b) is 42° iS'.i, 
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observations for azimuth. 

94. Observations for Azimuth on a circumpolar Star 

AT ANY Hour. — In determining the azimuth of a line of a tri- 
angulation the process would consist in first obtaining the angle 
between an azimuth mark and a star, and from this angle calcu- 
lating the azimuth of the mark. This azimuth combined with 
the angle between the mark and the triangulation signal would 
give the desired azimuth. The method of observing the angle 
between the mark and the star is similar to that of measuring a 
horizontal angle in triangulation work, except that since the star 
is continually changing its azimuth it is necessary to note the 
time of each pointing upon the star. 

95. The Azimuth Mark. — It is not often convenient to use 
a triangulation point for a mark in such observations; hence a 
special mark is used which can be sighted on both in daylight 
and at night. The azimuth mark may consist of a lantern set 
in a box so that the light may shine through a small aperture 
which will be visible to the observer. Some sort of target is 
painted on the side of the box toward the observer for use in the 
daytime. The aperture for the night observations should be 
small so that it appears to be a point of light like the star itself, 
not large so as to give a blurred appearance. The angle sub- 
tended by the diameter should be between i".o and o".5. The 
following sizes are given by the U. S. Coast and Geodetic Survey. 

TABLE 2. 

Apertures for Azimuth Mark. 



Distance of Mark 


Diameter of Ai)crturc 


Kilometers 


Statute Miles 


Maximum 


Minimum 


1-5 
2 .0 

2-5 

3- 

4- 

6. 

10. 


0.9 

I .2 

1.6 

1.9 
2.5 

3-7 
6.2 


mm. 

7 

10 
12 
15 
19 

2Q 
48 


mm. 
4 

5 

6 

8 

10 

14 

24 
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The mark must be placed far enough from the instrument so that 
it will not be necessary to alter the focus in changing from the 
star to the mark. Any change in the focus may disturb the line 
of sight. A distance of a mile will ordinarily be sufficient; it 
will sometimes be necessary, however, to use shorter distances, 
on account of the difficulty of placing the mark in a good position. 
96. CiRCUMPOLARS. — Since the star is changing its azimuth, 
and also since the latitude and the time are somewhat uncertain, 
it is advisable to use only very close circumpolars for this obser- 
vation. In the Nautical Almanac are given the positions of five 
circumpolars, any one of which is suitable for this observation. 
These stars (Fig. 37) are a Ursse Minoris (Polaris), 51 Cephei, 




SICcph 



FlO. 87. CiRCUMPOLAR STARS. 



6, (J, and X Ursae Minoris. Polaris is the only one, however, that 
is bright enough to be easily seen with the naked eye. By the aid 
of the diagram and using Polaris as a point of reference it is not 
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difl&cult to identify the four other fainter stars in a telescope of 
moderate power. 

97, The Observation. — The details of the observation will 
vary, depending upon the type of instrument used. With either 
a direction or a repeating instrument the following precautions 
are important. Since the star is at a high altitude as compared 
with the (angular) altitude of ordinary triangulation points, it is 
of unusual importance to keep the instrument leveled and, by 
means of a striding level, to measure any small deviation of the 
horizontal axis from the true horizontal position while the tele- 
scope is pointing in the direction of the star. The instrument 
should be firmly mounted and should be protected from unequal 
heating of its parts, as from the body of the observer or from the 
lamp used for illuminating the cross-hairs or for reading the circle. 
The instrument should be handled with the greatest care, the 
clamps and tangent screws being used in such a way as to avoid 
any lateral pressure, which would tend to disturb the instrument. 
In short, all of the precautions which need to be taken in refined 
triangulation work will apply here. The angles should be 
measured as quickly as is consistent with careful and accurate 
work. The longer time there is between pointings the greater 
the opportunity for the instrument to shift its position and so 
introduce errors into the results. 

98. Observation with a Direction Instrument. — In observing 
with the direction instrument each set will consist of, say, two 
pointings on the azimuth mark, with the corresponding circle 
readings; then three or four pointings on the star, the time being 
noted at each bisection and the circle read ; and finally two more 
pointings (and circle readings) on the mark. Readings of the 
striding level should be taken, with the level in both direct and 
reversed positions, when the telescope is sighted in the direction 
of the star. The level should be placed in position on the axis 
some -time before it is to be read in order to give it time to settle 
to the true reading. If the mark is far above or below the horizon, 
level readings should also be taken when pointing on the mark. 
The telescope is then reversed in its supports, as in triangulation, 
and the same process repeated. This completes a single set. 
The altitude of the star should be read, to the nearest minute, at 
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the end of each half-set, as it will be needed in the computations. 
The circle should be shifted between sets so that the readings 
may be distributed over the whole circumference. 

99. Observations with a Repeating Instrument. — If a repeat- 
ing instrument is used the program may be similar to that fre- 
quently used in triangulation, i.e., six repetitions left to right, 
telescope direct, and six repetitions right to left, telescope reversed. 
The striding level is read in both positions, at the beginning of 
the half set and at the end, while the telescope is pointing at the 
star. At each pointing on the star the time is noted. The circle 
is read as usual, only at the beginning and the end of the half set. 
In the first half set all pointings on the star would be made, say, 
by use of the lower clamp and tangent screw, while all pointings 
on the mark are made by use of the upper clamp and tangent 
screw. In the second half set the pointings on the star would be 
made using the upper clamp and those on the mark using the 
lower clamp. In order to eliminate as far as possible any 
constant error of the clamps and tangent screw the plates should 
always be turned in a clockwise direction and the setting made 
with the tangent screws in the direction which compresses the 
spring, so as to insure a positive working of the tangent screw. 

100. Calculating the Azimuth of the Star. — The 
azimuth of the star is derived from the equation * 

rj sin / r , 

tan Z = ; : — [17] 

cos L tan £) — sm L cos i 

see Art. 63, p. 66. From this formula it will be seen that the 
latitude and the star's hour angle must both be known. It will 
generally be necessary to determine these at the same time as the 
azimuth by special observations. (See Arts. 87-8 and 92-3.) 

loi. Curvature Correction. — It would be a long process if 
we were to calculate the azimuth of the star separately for each 
pointing made upon it, but it is not necessary to do this provided 
we make a correction for the curvature of the star's path. Since 

* If extreme accuracy is not required in the computed azimuth the following 
convenient formula may be used. Z = ^ sin < sec fe. 
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the star moves slowly and the curvature of the path is slight we 
may average all of the observed angles and calculate the azimuth 
corresponding to the mean hour angle; then to this we may apply 
a correction for curvature by means of the approximate formula* 
given below. 

Let Tj, r„ r, = the observed times; T^ = ^"^ ^"^'" = the 

fi 

mean of the observed times; Z,, Z^, etc. = the corresponding 

azimuths of the star; and Z^ = the azimuth at the instant T^. 

Then ^^ -f Z,-f . . .Z, ^^^,tanZ,[6.73672]^- 2(r-r,)»[37] 
n n 

In this equation [6.73672] is the logarithm of a constant and 
S (r - rj2= the sum of the squares of the intervals (T^ - T^), 
(Tj — rj, etc. expressed in seconds of time. That is, we may 
compute the azimuth of the star, Z^, at the instant correspond- 
ing to the mean of the observed times and then correct it by 
means of the last term of the equation. If an ordinary watch 
is used the observed inter\'als (T, — T^), etc., should be reduced 
to sidereal intervals. 

Where extreme precision is not necessary the equation may be 
put in the form 

^i±^^ +--^^' = z. - tanZJo.2930] 7 2 (r - TJ [38] 



where the intervals (T — T^) are in minutes of time and the 
correction is in seconds of arc. The number in brackets is a 
logarithm. {T—T^) may be taken to the nearest minute of time, 
or the nearest tenth of a minute, according to the precision needed. 
Since the term itself is often but a few seconds, comparatively large 
errors in the intervals (T — T^) have but a small effect on the 
correction. 

* For the derivation of this formula see Doolittle's "Practical Astronomy," 
S 306, p. 537, or Hayford's "Geodetic Astronomy," § 194, p. 213. 
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102. Level Correction. — If the striding level shows any 
appreciable inclination of the axis the angle may be corrected by 
the formula 

C = [{w + 11/) - (e + e')] - tan h 

4 

where e and w are the scale readings of the east and west ends of 
the bubble, and f' and w' the same when the level has been 
reversed ; d is the angular value in seconds of one division of the 
striding level; and h is the altitude of the star, obtained during 
the observation. 

The sign of the correction may be determined from the fact 
that if the west end of the axis is too high the telescope is turned 
too far to the left (west) when pointing at the star, and vice versa. 

If the azimuth mark is placed far above or below the horizon 
it will be necessary to take readings of the striding level when 
pointing at the mark and to compute corrections to the circle 
readings as would be done for the pointings on the star. Ordi- 
narily, however, the mark is not far from the true horizon so 
that this correction may be neglected provided the plate levels 
are sensitive and are carefully centered before each set is begun. 

103. Diurnal Aberration. — In very exact observations for 
azimuth, allowance should be made for the effect of diurnal 
aberration; this is a slight apparent displacement of the star 
toward the east due to the motion of the observer about the 
earth's axis. The amount of this displacement depends upon 
the relation between the velocity of the observer and the velocity 
of light. The displacement occurs in the direction in which the 
observer is actually moving, which is always directly toward the 
east point of his horizon. The expression for the correction for 
diurnal aberration is 

,, ^^cosLcosZ 

o".3i9 X r— 

cos h 

cos L cos Z 

In ordinary work it is sufficient to take it as o".^2, since ; — 

cos A 

is always nearly equal to unity. 
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Example. 

Record of Azimuth Observation * 

Station, B. C. Sept. 5, 1906. 



Object 


Pos. of 
Tel. 


No. 
of 


Times 


Circle Readings 


.Observer, H. Re- 
corder, R. 




Rep. 






A 


B 












I 






Polaris 


D 


6 


6^3911: 
40 
41 
42 
43 


»48« 
57 
39 
29 

13 


0° 00' 00^ 
(35 18 30) 


50^ 




Mark 


D 




44 


01 


2X1 45 40 


50 


2ii<» 45' 45' 


Mark 


R 


6 






GO 00 


00 


-05 


6)211 45 50 








6 50 


i«> 






35 17 3^-33 








51 


16 














52 


52 














54 


26 














55 


37 






6)211 31 45 


Polaris 


R 




56 


55 


211 31 50 


40 


35 15 17 50 












11 






Polaris 


D 


6 


7 08 
09 
II 
12 
13 
14 


02 
08 
34 
47 
52 
52 


GO 00 


00 


6)211 16 00 


Mark 


D 








211 16 GO 


00 


35 12 40.00 


Mark 


R 


6 


7 32 
34 
35 

1^ 


34 
16 
56 
15 


00 00 


50 


210 57 40 
- 05 












6)210 57 45 








48 






35 09 37.50 


Polaris 


R 




39 


44 


210 57 50 


30 


1 



* This transit was not provided with a striding level. 
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oom 02« 
04 50 



23 
26 



33 
56 



Time Observations. 

Sept. 5, 1906. 

Time of transit of Polaris 7^ 

Time of transit of 7* Sagittarii 7 

Time of transit of Polaris 7 

Time of transit of X Sagittarii. 7 

From these observations we find that the sidereal time when the watch read 
yh 04m 508.9 is i8h o6ni 248.2. (See Art. 87, p. 77). The sidereal times used 
in the computation of azimuth were obtained by taking the differences in the 
watch readings and reducing to sidereal intervals by means of Table III in the 
Nautical Almanac. 

Data. 
Station, B. C; Latitude, 42° 03' 00"; Longitude 73° 31' 19^. 

Right Ascension. Declination. 

Polaris ih 26ni 21S.5 -f 88° 48' i2''.9 

7* Sagittarii 17 59 48.2 — 30 25 30 

X Sagittarii 18 22 12.3 — 25 28 21 

From Table IV, Appendix to the Nautical Almanac for 1906, the correction c is 
+ 26'.6 for the observation on Polaris and 7' Sagittarii and 4- 19'. 5 for the obser- 
vation on Polaris and X Sagittarii. 

Computation of Azimuth. 



r 



Mean of observed times 

Corresponding sidereal times . . . 

Right ascension of Polaris 

Hour angle at mean of observed times 

/ . 

log cos L 

log tan D 

log cos L tan D 

cos L tan D 

log sin L 

log cos / 

log sin L cos t 

sin L cos t 

cos L tan D — sin L cos t 

log sin ^ 

log denominator 

log tan Z 

Z 

Curvature correction 

Azimuth of star 

Mark east of star 

Mark east of north 

Mark east of A 

Azimuth B.C. to A 



I. 

6h 47m 478.3 

17 49 17.8 

I 26 21 .5 

16 22 56.3 

245° 44' 05" 

9 .870732 
I 
I 
35 



9 
9 
9 

35 

9 

I 
8 
i^ 

I* 

35^ 
36' 
21* 

15^ 



680177 
550909 

5557 

82593 
61380;! 

43973** 
2752 

8309 

959829 
554258 
405571 
27' 26" 
- i'' 
27' 25^^ 
16' 27^^ 

43' 53'' 
32' 00" 
ii' 52" 



II. 

yh 24m 04«.0 

18 25 40 .5 

I 26 21 .5 
16 59 19 .0 
254° 49' 45" 



82503 

4i78o« 
24373'* 
1753 



7310 

984595 

553045 

431550 

1° 32' 50''. 2 

-8". 4 

1° 32' 41" .8 

35° II' 08''. 7 

36° 43' 50'' .5 

21° 32' 00'' .6 

15° 11' 49" -9 
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104- Observation near Elongation. — If the observation is 
made on Polaris and within half an hour of the time of elongation 
the azimuth at elongation may be first computed and the azimuth 
of the star at each pointing reduced to the azimuth at elongation 
by applying the correction 

c = II2.S X 3600 X sin \" X tanZ. X {T- TJ [39] 

where Ze = the azimuth at elongation, T — T^ = the interval in 
minutes between the time of elongation and the time of pointing, 
and c = the correction to the azimuth in seconds of arc. Values 
of the factor 112.5 X 3600 X sin i" tan Z, may be computed for 
any given time and place and the correction readily found. In 
the following table are given values of this factor for different 
values of Z« from 1° to 2^, 

TABLE 3. 
Values of Factor 112.5 X 3600 X Sin i^' Tan Z.. 



z« 


Factor 


Ze 


Factor 


Ze 


Factor 


1° 00' 


■0343 


1° 20' 


•0457 


1° 40' 


.0571 


01 


.0348 


21 


.0463 


41 


.0577 


02 


•0354 


22 


.0468 


42 


■0583 


03 


.0360 


23 


.0474 


43 


.0589 


04 


.0366 


24 


.0480 


44 


.0504 


05 


•0371 


25 


.0486 


45 


.0600 


06 


•0377 


26 


.0491 


46 


.0606 


07 


•03«3 


27 


.0497 


47 


.0611 


08 


.0388 


28 


•0503 


48 


.0617 


09 


•0394 


29 


.0508 


1 49 


.0623 


10 


.0400 


30 


•0514 


' SO 


.0629 


II 


.0406 


31 


.0520 


51 


.0634 


12 


.0411 


32 


.0526 


52 


.0640 


13 


.0417 


33 


•0531 


53 


.0646 


14 


.0423 


34 


•0537 


54 


.0651 


15 


.0428 


35 


•0543 


55 


•0657 


16 


■0434 


36 


.0548 


56 


.0663 


17 


.0440 


37 


•0554 


57 


.0669 


18 


.0446 


38 


.0560 


58 


.0674 


19 


.0451 


39 


.0566 


59 


.0680 
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Example. 

April 6, 1904. 
Lat. 42** 21' N. Long. 71® 04' .5 W 

An observation was made on Polaris near western elongation by three rcjx^ti- 
tions of the angle between the star and a meridian mark. The times of pointing 
on Polaris are 6h 28ni 3038, 6h 31m 2o*, and 6h 34m 20i; the initial reading of 
the vernier — o® 00'; the final reading of the vernier = 4° 51' 00*. 

The right ascension of Polaris -= ih 2301 48«.3; declination = + 88® 47' 
43''.6; the right ascension of the mean sun at Greenwich mean noon = ch 57m 22*.44. 
From formulas [z6], [18], and [22], and the above data we find the eastern 
standard time of western elongation to be 6h 04™ 31 ■.2. This nves for the 
three intervals (T - T^) 23m 588.8, 26m 48B.8, and 29m 48i.8. The azimuth 
of the star as found from formula [15] is 1° 37' 48'. From Table 3 opposite this 
azimuth we find the factor .0559. The resulting corrections, formula [39], are 
32*, 40*', and 50*. Adding these three corrections to 4° 51' 00*' and dividing by 
three (the number of repetitions) we obtain 1° 37' 41' as the angle between the star 
at elongation and the meridian mark. Combining this with the azimuth of the 
star we find that the meridian mark is 07' west of the true north. 

PROBLEMS. 

1. In Example 2, p. 82, the Right .\sronsion of the Moan Sun for Greenwich 
Mean Noon is 5^ 27m 29«.48. What is the error of the watch on Eastern time? 

2. Work out the time observations from the transit of 7* and X Sagittarii shown 
on page 104. 

3. Check the result for the error of the watch given in Example 2, p. 87. 

4. Work out the sidereal time from transit of 7 Ceti in the example on p. 94. 
Find the error of watch on Standard time using 19!* ii» 29«.5 for the R. A. 
Mean Sun at G. M. N. noon and assuming a longitude of 71° 17' W. 

5. Work out also the latitude and time from the second set of observations on 
Polaris and the observations on a Ceti, p. 95. R. A. of a Ceti = 2^ 57m 24«.8 ; 
Decl., + 3° 43' 22' 

6. Observed time of transit of d Capricorni over the vertical circle through 
Polaris, Oct. 26, 1906. Latitude = 42° i8'.5; longitude = 4^ 45m o7». Ob- 
served watch time of transit of Polaris = 7^ io«a 2o»; of ^ Capricorni «= 7^ 13m 
28», Eastern Time. Declination of Polaris = + 88® 48' 3i*'.3 ; right ascen- 
sion = ih 26na 37«.9. Declination of d Capricorni = — 16° ^$' 02*.8 ; right 
ascension == 2ih 41m 53B.3. The right ascension of the Mean Sun at Local 
Mean Noon = i4h i6na 348. 6. Compute the error of the watch on Eastern 
Time. Ans. $2^.2 slow. 

7. Time observation on May 3, 1907, in latitude 42® 2i'.o, longitude 4** 44™ 
i8».o. Observed transit of Polaris = 7^ i6ni i7».o; of m Hydrae = 7^ i8in 
50.5. Dccl. of Polaris = + 88° 48' 28^3 ; R. A. -= ih 24m 50^.2. Decl. of 
fi Hydrae = — 16° 21' 53*'.2 ; R. A. — loh 21™ 36B.1. R. A. of Mean Sun at 
G. M. N. = 2h 4oni 56B.63. Find the error of the watch. 

Ans. 5*. I fast. 
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8. Time observation on April 17, 1907, in latitude 42® 2i'.o, longitude 4!* 44^ 
iS^.o. Observed transit of Polaris = 7^ 45m 148, of 6 Sextantis, 7b 47m 47s. 
Decl. of Polaris = + 88® 48' 33^.0; R. A. = ib 24m 458.3. Decl. of 6 Sex- 
tantis = - 3° 48' z^\ R. A. = 9b 4601 338.4. R. A. of Mean Sun at G. M. N. 
B lb 37m 5i».77. Find error of watch. 

9. Time observation on May 14, 1907, in latitude 42® 2i'.o, longitude 4b 44m 
iSb.o. Observed time of transit of Polaris = 8b com 50"; of p Virginis — 8b 
02m 24«. Decl. of Polaris = + 88® 48' 25*'.5; R. A. = ib 24m 558.5. Decl. 
p Virginis = + 2° 17'. 2; R. A. = iib 45m 5i».9. R. A. of Mean Sun at 
G. M. N. = 3b 24m 188.74. 

10. Observation for time by equal altitudes, Dec. 18, 1904. 

R.A. Ded. Watch 

a Tauri (E) 4b 30m 298.01 + 16° 18' 59^.9 7b 34m 568 

aPegasiCVV) 22 59 61.12 +14 41 43 -7 7 39 45 

Lat. «= 42° 28'.o; long. — 4b 44m 158.0. R. A. Mean Sun at G. M. N. 
= 17b 46m 408.38. 

Ans, watcb 18.7 fast. 

11. Time by equal altitudes; Oct. 13, 1906. 

R.A. Decl. Watch 

9 Ophiuchi (W) 17b 53m 528.15 - 90 45' 34^.6 7b 13m 498 

t Ceti (E) o 14 40 .99 — 9 20 25 .7 7 28 25 

Lat. = 42** 18'; long. - 4b 45m 06B.8. R. A. of Mean Sun at G. M. N. 
= 13b 24m 328.56. 

Ans. Watch 298.9 slow. 

12. Time by equal altitudes, Feb. 15, 1902, in latitude 42® 28', long. 4b 44m 
i4>.o. 

R.A. Dcd. Watch 

a Hydrae (E) 9b 22m 488.7 - 8° 14' 18'' 9b 19m 388 

P Orionis (W) 5 09 51 .2 — 8 19 08 9 20 56 

R. A. of Mean Sun at Local Mean Noon -= 21b 3901008.2. Find the error of 
the watch on eastern time. 

13. Observed equal altitudes of a Bootis and d Geminorum, May 3, 1907, in 
lat. 42° 2i'.o, long. 4b 44m 188.0. 

R. A. Decl. Watch 

a Bodtis (E) 14^ iim 2C8.4 + 19O 39' 57^ 7b 45m 548.0 

d Gemin. (W) 7 14 33 .4 + 22 09 12 7 51 08.5 

R. A. of the Mean Sun at Local Mean Noon = 2b 41m 438.3. 

14. Compute the curvature corrections for the observations shown on p. 103. 

15. In the example on p. 106 compute the azimuth of the mark by the method 
of Art. 100. 



CHAPTER III. 

PRBCISB, TRiaONOMBTRIC, AND BAROMBTRIC 
LBVBLINO. 

105. Precise spirit leveling is used for establishing a few 
elevations with great precision for the purpose of furnishing an 
accurate control of all of the elevations in the region. Trigono- 
metric leveling, which is carried on simultaneously with the 
triangulation, furnishes a rapid means of determining elevations 
of the triangulation stations, giving a number of well-distributed 
points for use in the topographic work. Barometric leveling 
yields but rough results as compared with the two preceding 
methods, but is very useful in reconnoissance work and in 
filling in details on small scale maps. 

106. Precise Leveling. — Precise spirit leveling differs from 
ordinary leveling in that certain refinements are introduced into 
the methods used and into the construction of the instruments. Its 
relation to ordinary leveling is that of a general control of the 
accuracy of the leveling work, just as triangulation furnishes a 
control of the surveys of the details. Lines of precise levels 
have been run by the U. S. Coast and Geodetic Survey, the 
U. S. Geological Survey, the Mississippi River Survey, and 
other Government surveys, and cover at present (1908) the 
greater part of the eastern half of the United States, as well as 
some portions of the West. Bench marks have been established 
at frequent intervals along these lines of levels, the elevations and 
descriptions of which may be obtained from the published 
reports. 

107. Sources of error. — Some of the chief sourcej of 
error recognized in leveling work are 

I. Gradual settling of the instrument when set up on soft 
ground. 

108 
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2. Unequal expansion or contraction of the different parts of 
the instrument due to changes of temperature. 

3. Irregular refraction of the air near the surface of the 
ground. 

4. Unequal lengths of backsights and foresights (errors of 
adjustment not completely eliminated). 

5. Selecting poor turning points. 

6. Rod not held plumb. 

7. Bubble not in the center of the tube at the instant of 
sighting. 

In precise leveling the observations are carried out in such a 
manner as to eliminate these errors as completely as possible. 
Errors due to the settling of the tripod are eliminated by taking 
the sights in such an order that if the settling of the instrument 
raises one line of levels it will depress the other. For example, 
if A and A' are two backsights and B and 5' two foresights, 
taken from the same set-up, then if A is read first and B 
second, any settling of the trijx)d will make B too small and 
hence the computed elevation of the T. P. will be too high. If 
5' is read next and A' last, then the backsight A' is too small 
and the elevation of the T. P. will be too low. If it be assumed 
that the amount of settling is the same in the two cases, then the 
mean of the two resulting elevations of the T. P. is free from 
this error On some surveys it is customary to run double- 
rodded lines (see Vol. I, Art. 222, p. 201) and to take the read- 
ings in the order indicated above. A double-rodded line has the 
advantage that a comparison of the two lines of levels gives an 
indication of the precision of the work, which is necessary when 
the levels are not run in a circuit. 

The shorter the time elapsing between the reading on the 
backsight and that on the foresight the smaller will be the 
error due to temperature changes or to settUng of tripod; there- 
fore that form of level which allows of quickest readings also 
secures the greatest precision. In all cases the instrument 
should be shielded from the sun's rays and from the wind. 
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either by an umbrella or by a special shield; furthermore the 
observer should not allow the heat of his body to affect the 
instrument. Some instruments are made so that all parts which 
have to be touched, such as the leveling screws or the focusing 
screws, are made of ivory or some other material which does 
not readily conduct heat. 

Errors due to refraction of the air may be partly avoided if 
the instrument is set high above the ground by giving the tripod 
legs less spread than in ordinary leveling. This makes the 
instrument less stable, but if the reflection of the bubble can be 
seen in a mirror at the instant of sighting there is less need of a 
steady instrument than when the obser\'er must rely upon the 
bubble's remaining central while he takes the sight, as is the 
case in ordinary leveling. If a tripod with long legs is used it 
is possible to gain height without loss of stability. Another 
means of increasing the accuracy is to make the observations 
during the middle of the day rather than in the early morning 
or late afternoon, because at that time of the day the refraction 
is less variable. 

Errors arising from unequal backsights and foresights may be 
avoided by providing the telescope with stadia hairs for reading 
the distance to the rod at each sight, so as to keep the backsight 
and foresight distance equal. (See Chapter IV.) By this 
means the notes will show at all times whether the sums of the 
foresights and backsights are equal. The difference between the 
two can be kept as small as desired. Artificial turning points 
(plates or pins) are generally used so that it will not be necessary 
to take turning points of an unsatisfactory character, as is fre- 
quently the case in ordinary leveling, in attempting to make the 
foresights and backsights equal. 

The rod is always made plumb by means of a spirit level, 
which is either fastened permanently to the rod or held against 
its edge. (See Vol. I, Fig. 42, p. 82.) The adjustment of the 
rod-level should be tested at frequent intervals. 

Errors arising from the telescope bubble not being in the 
center of the tube at the instant of sighting are avoided by so 
arranging the instrument that the observer can see the bubble 
while he is looking through the telescope. This is accomplished 
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in various ways but usually by means of a mirror in which the 
observer can see with one eye the reflection of the bubble and 
its scale at the same time that he sees the rod with the other 
eye. A micrometer screw is placed under the eyepiece so that 
the telescope can be given a slight motion in the vertical plane 
in order to center the bubble. 

io8. PRECISE Leveling Instruments. — The characteristic 
features of a precise level are an inverting telescope of high 
power and good definition, provided with a vertical and also 
three horizontal hairs; and a sensitive spirit level of uniform 
curvature having a mirror so adjusted that the obser\^er can see 
the bubble while he is looking at the rod. The instrument rests 
on three leveling screws as this gives greater stability than four. 
(See Art. ^;iy p. 33.) There are two spirit levels at right angles 
to each other, or else a circular level, to be used for the approxi- 
mate leveling. Some of these instruments are of the wye type 
and some are of the dumpy type. (See Vol. I, Art. 99, p. 77.) 
Following are brief descriptions of some of the instruments 
which have been used in this country. 

109. The Kern Level. — This instrument, manufactured 
by Kern in Aarau, Switzerland, is of the wye-level type and has 
a striding level resting on the collars near the wye supports. 
Above the striding level is a mirror turning about a horizontal 
axis, so that the image of the bubble is reflected to the eye of the 
observer. For the rough leveling it has a circular level attached 
to the supporting frame of the instrument instead of two levels 
at right angles to each other. The telescope can be given a 
slight motion in the vertical plane by means of a micrometer 
screw under the wye at the eye end, the pivot being at the opposite 
wye. The magnifying power of the telescope is about 50 diam- 
eters. This level has been used by the Lake Survey and by the 
U. S. Corps of Engineers. 

no. The Stampfer Level. — The Stampfer level was used 
by the U. S. Coast Survey from 1877 to about 1899. It is of the 
wye-level type, having a striding level and a micrometer like the 
Kern level. The instrument as used by the Coast Survey did 
not have a mirror above the striding level, as the method of 
making the observations did not require its use. The telescope 
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had a magnifying power of about 37. (See Coast Survey Report 
for 1879, p. 202.) 




Fig. 38. The Mendenhall Precise Level. 

(From a Photograph loaned by C L. Berger & Sons.) 

111. The Mendenhall Level. — The Mendenhall level 
differs from the preceding chiefly in having the pivot placed near 
the center so that releveling the instrument does not alter its 
height (see Fig. 38). It also has all of the screw heads made of 
a non-conducting material to avoid heating the metal by the 
hand. The magnifying power of the telescope is 50. (See Proc. 
Amer. Soc. Civ. Engrs., Vol. 26, p. 784.) 

112. The U. S. Coast Survey Level. — This level differs 
radically from those just described in that it is of the dumpy- 
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level type (see Fig. 39). The telescope is made of iron-nickel 
alloy which has a very small coefficient of expansion. The 
bubble is placed as near the line of sight as possible, so that the 
parallelism of the two will not be disturbed by local temperature 
changes. The arrangement for watching the bubble is more 
elaborate than in other instruments. A second tube is set at 
one side of the telescope and carries a set of prisms so arranged 
that the observer sees the bubble with the left eye and the rod 
with the right eye as though he were looking through a binocular 
telescope. The settings are made with a micrometer screw 
under the eyepiece. This arrangement enables the observer 
to take the readings very rapidly so that greater speed can be 
made in the leveling. The telescope has stadia hairs; the mag- 
nif)dng power is about 43 diameters. (For a complete descrip- 
tion of this instrument see Coast Survey reports for 1900, p. 521, 
and 1903, p. 200.) 

113. PRECISE Leveling Rods. — In the early precise level- 
ing work target rods were chiefly used. They were made of long 
strips of pine wood treated so as to be impervious to moisture. 
The targets, which were of the bisection pattern (see Vol. I, 
Fig. 41, p. 80) were raised and lowered by means of chains or 
tapes running over pulleys. The foot of the rod carried a metal 
shoe rounded at the bottom. 

In recent work the tendency is toward the use of the self- 
reading rod exclusively (see Fig. 40). These rods are usually 
not extensible, and in section are either in the form of a -I- or a 
T. They are treated with paraffin to prevent them from absorb- 
ing moisture. Since they are always used with inverting tele- 
scopes the figures on the rod are made upside down so that they 
will appear erect in the field of the telescope. The U. S. Coast 
Survey rod has a metric scale the smallest division of which is 
the centimeter. The rod is in the form of a cross (in section) 
the divisions being marked in black and white on the edge of the 
cross. Metal plugs are inserted at regular intervals for detecting 
changes in the length of the rod. A thermometer is attached 
for reading the temperature. The Molitor rod has a metric 
scale in which the smallest division is 2 millimeters. It is of a 
T section and carries a circular level for plumbing and a device 



PklXISE LEVELING RODS 



1'5 





i 







Q 



e 



■^;; 



i 



m 



o 

K 



o 
o 



w 






€0 



o 
o 

9 

O 



Pig. 40. Precise Leveling Rods. 
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for adjusting the level by means of a plumb-line. The U. S. 
Geological Sun-ey rod, devised by Mr. E. M. Douglas, is in the 
form of a cross (in section). The unit of the scale is the yard, 
the smallest division being one hundredth of a yard. 

Foot pins are used as turning points, the one shown in Fig. 40 
being the type used by the Coast Survey. A hole is drilled 
through the top of the pin to admit a quarter-inch rope, used in 
pulling the pin out of the ground. 

114. Precise Leveling Methods.* — The particular 
method employed in precise leveling work depends upon the 
type of instrument used, upon the rod, and the conditions under 
which the work is carried on. The following general remarks 
apply to all precise leveling work. While being carried from 
station to station the instrument should be covered to protect it 
from the sun. The micrometer should be unscrewed so that the 
telescope will not bear on the point of the screw. The nuts 
holding the tripod legs should be loose; the central clamp should 
be tight if the instrument is carried on the tripod. When the 
instrument is set up the three tripod nuts are tightened, and the 
tension on the central clamp screw should be released so that 
the instrument is held on the tripod by its own weight. The 
instrument should be protected from the sun and wind by an 
umbrella or by a special shield. 

In using the instrument the bubbles of the small levels should 
be brought to a central position by means of the leveling screws, 
the telescope then turned toward the rod, and the large bubble 
centered by means of the micrometer screw. The rod-reading 
is then taken, the manner of doing this depending upon the 
instrument and the methods to be used. The distance to 
rod is determined by the readings of the upper and lower 
hairs. The different rod-readings must agree within certain 
specified limits according to instructions, and the instrument 
must not be moved until the levelman is satisfied that the readings 
are within the required limits of accuracy. 

Special care should be used by the rodmen in holding the rods 

♦ For a valuable paper by Mr. D. A. Molitor on Precise Leveling Methods 
see Trans. Am. Soc. C. E., vol. XLV, p. i. 
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plumb. In a strong wind it is sometimes necessary to steady 
the rod by means of two wooden braces. Rod levels should be 
examined frequently and kept in good adjustment. The tem- 
perature should be read at frequent intervals. 

In the following articles are given some of the details of the 
special methods employed by different Government surveys. 

115. U. S. Engineers' Method. — In the method employed 
by the U. S. Engineer Corps, where the Kern level is used, the 
bubble is not centered exactly, but its position is read just before 
and again just after the rod-readings are taken, and a correction 
is made for the inclination of the line of sight. The self-reading 
rod is used and readings are taken with all three horizontal hairs. 
The longest sight allowed is 100 meters. The greatest allowable 
difference between the distances to the foresight and to the back- 
sight is 10 meters. The adjustment of the instrument is tested 
daily. The striding level is tested, by reversals, and adjusted 
until correct within two divisions of the scale. The Kne of sight 
is tested in the usual manner by rotating the telescope in the wyes, 
all three of the hairs being read with the telescope direct and 
reversed. If the means of the readings in the tw^o positions differ 
by more than 2.5"^ in a distance of 50™ the line of sight is 
adjusted; if less than this amount, a correction is applied to the 
rod-readings to allow for this difference. 

116. U. S. Coast Survey Methods. — (a) Old Method. — 
In the old Coast Survey method, where the Stampfer level was 
used, the bubble was brought nearly to the center of the tube and 
the target moved until it was approximately on the cross-hair 
and clamped. The inclination of the line of sight was then 
measured by means of the micrometer screw. The bubble of 
the striding level was centered, first in the direct position, then in 
the reversed position, and the micrometer read in each case. 
The mean of these two gave the micrometer reading for the level 
line. The target was then bisected with the cross-hair and the 
micrometer again read. The stadia distance was also deter- 
mined. The difference between the two micrometer readings, 
converted into angle, is the inclination of the line of sight from 
the instrument to the target. From this angle and the stadia 
distance a correction to the rod-reading could be computed. In 
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order to eliminate errors in the position of the cross-hairs the same 
operation was repeated after the telescope had been rotated 
1 80 degrees (about the telescope axis) in the wye supports. 
This method of observing was slow and the computations 
elaborate, so that it has been entirely superseded by the fol- 
lowing method. 

117. (b) New Method. — With the level described in Art. 
112 (see U. S. Coast and Geodetic Survey Report for 1903, p. 189) 
the observations are made by bringing the bubble exactly to the 
center of the tube by means of the micrometer screw under the 
eyepiece, and by reading the three hairs on the self-reading rod, 
the position of the bubble being examined by the observer at the 
instant of sighting. Two self-reading rods are used, each rod 
being used alternately for a foresight and a backsight; the same 
rod is held on a T.P. for both the backsight and foresight. This 
allows rapid handling of the level between turning points with a 
corresponding increase in precision by reducing those errors 
likely to result from changes in condition of atmosphere and 
temperature or settling of tripod. At odd numbered instrument 
stations the backsight is taken before the foresight; at even 
numbered stations the foresight is taken first. The rod thermo- 
meters are read at each rod station. The distances between 
bench marks are broken up into sections of i or 2 kilometers, and 
each section is leveled forward and backward, the forward and 
backward measurements being made, if possible, under different 
atmospheric conditions. If the measurements on a section do 
not check within 4™"* Vkilometers, both measures arc repeated 
until they do check within this amount. The lengths of the 
foresights and backsights are derived from the readings of the 
upper and lower hairs and the total difference in the sums of 
foresights and backsights is not allowed to become greater than 
20 meters. The difference allowable on any one set-up is 10 
meters. The maximum length of sight allowable is 150 meters, 
which is practicable only under favorable conditions. 

The adjustment of the instrument is tested once each day. 
This test is made by taking a foresight of ordinary length, then 
turning the instrument in the opposite direction and taking a 
backsight on a rod only 10"^ distant. The instrument is next 



COAST SURVEY METHOD 



119 



moved to a point within 10°^ of the front rod; readings are then 
taken on the front rod and on the back rod. From these readings 
a constant C is computed, which is the ratio of the correction for 
any rod-reading to the corresponding rod interval. This con- 
stant is computed by the equation 



C= 



(sum of near rod-readings) — (sum of distant rod-readings) 
(sum of distant rod intervals) — (sum of near rod intervals) 



If C exceeds .010 the instrument must be adjusted. After the 
adjustment is made the new value of C must be determined. 
The adjustments are made by moving the level vial rather than 
the cross-hair ring. The following example of a determination 
of C has been taken from the Coast Survey Report for 1903. 

Determination of C. 8.20 a.m., August 28, 1900. 



(Left-hand page) 


(Right-hand page) 


Number 

of 
Station 


Thread 
Reading, 
backsight 


Mean 


Thread 
Interval 


Rod 


Thread 
Reading, 
foresight 


Mean 


Thread 
Interval 


A 
B 

Corr. for c 


1515 
1528 

1542 

2252 

2357 
2462 

;urv. and re 


1528.3 

2357 
0461 .7 


13 
14 
27 

105 
105 
210 

419 

52 


W 
W 


0357 
0462 
0566 

1276 
1288 
1 301 

367; 


0461 .7 

1288.3 
1528.3 


105 
104 
209 

12 
13 
25 

.oo4 = C 


2818.7 
f. -0.8 


2816.6 
2817. Q 


367 


2817.9 


\- i.3(-c 



In computing the difference in elevation between any two 
bench marks the following corrections are applied, i. Correc- 
tion for curvature and refraction. 2. Correction for error in 
the adjustment of the level (C times the diflference in sums of 
foresight and backsight distances). 3. Correction for length of 
rod at standard temperature. 4. Correction for actual tempera- 
ture of rod. 
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The form of notes for precise leveling, taken from the same 
report, is given below. 

Spirit Leveling. 





(Left-hand page) 






(Right-hand page) 
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118. U. S. Geological Survey Methods. — In the earlier 
work of the Geological Survey target rods were chiefly used and 
the lines were double-rodded, the two sets of levels being distin- 
guished by having two targets of difTcrent colors on each rod. 
The bubble was centered when each sight was taken. The 
instrumental adjustments were tested daily. 

In the recent work of the Geological Survey the prism level, 
like the one now used by the Coast Survey, has been adopted. 
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The rods employed are the self-reading yard rods shown in 
Fig. 40. Bench marks are established every mile. Lines are run 
in circuits when it is practicable, and the greatest error of closure 
allowed is 0.04 ft. VMiles. The instrument is tested every 
day as described in Art. 117. The maximum sight allowed is 
350 feet; foresights and backsights arc equalized as nearly as 
possible, a continuous record being kept of the stadia intervals. 

119. Accuracy Required. — An idea of the accuracy 
expected in precise leveling may be obtained from the following 
allowable errors of closure, K being the length of the line of levels 
in kilometers and D the distance in miles. On the old Coast 
Survey work the greatest allowable error was 5™™ \/2 K; on the 
U. S. Lake Survey an error of io^^\^K was allowed; on the 
Mississippi River Survey, 5™"* V K; on the new Coast Survey 
levels, 4°"" \^K; and on the Geological Survey .04 ft. \^D. 
These are the greatest errors that will be accepted without 
requiring the line to be re-run; the results actually reached, 
however, fall well within these limits. 

120. Precise Leveling with an Ordinary level.— Very 
fair results may be obtained by applying precise leveling methods 
to lines run with the ordinary dumpy level, provided the telescope 
is of sufiicient magnifying power and the spirit level is corre- 
spondingly sensitive. In order to be certain that the bubble is 
centered at the instant of sighting it is well to have an assistant 
(the recorder for example) keep the bubble centered while the 
observer is sighting. The self-reading rod will be found pref- 
erable in this work, and if the telescope is provided with stadia 
hairs all three of these should be read. Reading all three hairs 
not only increases the i)rccision but also furnishes a check against 
a wrong reading and affords at the same time a measure of the 
distance to the rod so that the sums of the foresights and back- 
sights may be kept equal. The ordinary Philadelphia rod, 
reading to hundredths, may be used in such work, provided the 
sights are not long. On long sights the .01 ft. space is rather 
small for estimating tenths (.001 ft.) since the cross-hair nearly 
covers the space. The centimeter or the one-hundredth part 
of a yard is a better division for long sights. 
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A high grade of leveling has been done on the Barge Canal 
Survey of New York with an ordinary wye level of good con- 
struction. Two target rods provided with spirit levels were used 
and lines were run forward and backward or else in circuits. 
The instrument was shielded by an umbrella when the read- 
ings were taken. The limit allowed for maximum sight was 
300 feet; backsights and foresights were equalized. The adjust- 
ment of the level was tested at least once a day and corrected 
whenever necessar)\ Steel pegs similar to the one shown in 
Fig. 40 were used for turning points. The error of closure allowed 
was but 0.02 ft. V^Miles, which indicates as great accuracy as 
that required in precise level work. 

A further illustration of a high grade of leveling done with the 
ordinary instrument is found in the levels run on the Catskill 
Aqueduct Line, in New York.* In this work an inverting 
dumpy level was used; the rods were of the non-extensible self- 
reading pattern, similar in many respects to the Molitor rod 
(Fig. 40) except that the graduations are in feet, the smallest 
divisions being .02 ft. Three horizontal hairs were used in mak- 
ing the readings. These were spaced but half the distance of 
the ordinary stadia hairs, as this was found to be a more con- 
venient interval. The accuracy required in closing circuits was 
.02 ft. VMiles, the actual results falling well within this limit. 

The best work obtained with good wye and dumpy levels seems 
to indicate that the required accuracy of precise leveling may be 
reached with such instruments, but that the same accuracy is 
reached at less cost if the precise leveling instruments are used. 
With the Coast Survey prism level results of the required accuracy 
are obtained with great rapidity and consequently at low cost. 
It is probable that lines of levels of inferior accuracy could be 
run more cheaply with such an instrument than with the common 
leveling instruments. 

121. Datum. — The datum generally used for elevations on 
land is mean sea level, although in some localities mean high water 

* This work is described by Mr. M. E. Zipser in the " Engineering News," Vol. 
LIX, p. 186, Feb. 20, 1908, under the title "Bench Level Operations on the Cat- 
skill Aqueduct Line," 
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has been used. Mean sea level has the advantage of being nearly 
the same in all places and is therefore the most convenient datum 
for leveling operations. (See Vol. I, Art. 237, p. 211.) 

TRIGONOMETRIC LEVELING, 

122. TRIGONOMETRIC LEVELING. — The elevations of trian- 
gulation stations are usually established by observing the vertical 
angles between stations and computing the differences in elevation 
trigonometrically. These angles are taken at the time the station 
is occupied for the purpose of measuring the horizontal angles. 
The elevations of certain points in the survey, for example the 
ends of .the base-line, are established by direct leveling from tide 
water or from a known bench mark. From the elevations of 
these points the elevations of the triangulation stations may be 
found by means of the differences in height derived from the 
vertical angles and the lengths of the triangle sides. 

In measuring the vertical angles the instrument should be 
placed, if possible, over the center mark of the station; if it has 
to be placed to one side its position should be located by azimuth 
and distance from the center mark. In either case its height above 
the station should be measured. A definite point on the signal at 
the distant station should be selected for sighting the cross-hair 
when measuring the vertical angle. From the known dimensions 
of the distant signal the height of the point sighted above the 
station mark may be obtained (see Art. 15, p. 19). 

In the most exact work the vertical angles are measured with 
a special vertical circle instrument; this may be either a repeating 
instrument or a direction instrument read by microscopes. In 
work of a less precise character fair results can be obtained by 
using the vertical circle of a theodolite in which the verniers 
read to 20" or to 10". With this instrument only single measure- 
ments of an angle can be made. The best result which such an 
instrument can give will be obtained by taking the average of 
several measurements, half of them with the telescope direct and 
the other half with the telescope reversed. Attention should of 
course be given to the index correction. 

The chief difficulty in obtaining accurate results in this kind of 
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work arises from the uncertainty of the angle of refraction, i.e., 
the angular deviation of the line of sight on account of the refrac- 
tion of the air. This angle not only varies with the temperature 
and the atmospheric pressure but also varies with the locality. 
It may be nearly eliminated by taking simultaneous observations 
between two stations, so that the atmospheric conditions for the 
two observations may be assumed to be the same. If the two 
observations are made at different times, or if an angle is taken at 
only one of the stations, then the mean value of the refraction 
correction must be used in computing the difference in elevation, 

which introduces a very uncer- 
tain factor into the results. The 
best time to observe vertical 
angles is during the middle of 
the day, as the refraction is 
then much less variable than in 
the morning or evening. 

123. Simultaneous Obser- 
vations.— Let A and B, Fig. 41, 
be two stations at which the ver- 
tical angles a^ and a j are observed 
at the same instant. In the fol- 
lowing discussion angles of eleva- 
tion are considered positive and 
angles of depression negative. 
Let a, = 90° — Zj and a, = 
90° — Zj, where Zj and Z, are 
the zenith distances. Let the elevations of the instruments be 
Aj and Z/,, and K the arc subtended by the angle C, or approxi- 
mately AB. 
In the triangle AC By 




Fig. 41. Simultaneous 
Observations. 



i (Z, + 2,) = 90° + ^ C 



and 



tan - C tan - (Z. - Z,) = (^-^T^,,, + r) (»> 
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Substituting these values in (a) and simplifying, we have 
A.-A, = /Ctani(Z.-Z,)(x+*^. + ^,) 

or, since Zj = 90° — «! and Z^ = 90° — a^ 

A,-A, = i5:taniK-«.)(z+*-^ + ^,) [40] 

Since the refraction makes each station appear higher than 
it really is, each observed zenith distance will be too small. 
Formula [40] is evidently based on the assumption that the 
atmospheric conditions are the same for both observations and 
therefore that the effect of refraction is the same, and hence that 
the difference of the observed zenith distances is the same as the 
difference of the true zenith distances. It is evident that while 
this assumption holds true for simultaneous observations it is 
not true for observations made at different times. 

The value of R used in this formula should, strictly speaking, 
be taken for the latitude of the place of observation and for the 
azimuth of the sight, since the radius of curvature is different for 
different latitudes on the si)heroid and for different sections 
through the same point, the radius of curvature of the meridian 
being shorter than that of a section taken at right angles to the 
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meridian.* An average value of R sufficiently accurate for such 
lines as occur in tertiary triangulation is given below. 

log R (in feet) = 7.32068 
log R (in meters) = 6.80470 

124. REFRACTION COEFFICIENT. — The coefficient of refrac- 
tion is the ratio of the angle of refraction to the angle at the 
center of the earth between the stations. If r = the angle of 
refraction, C = the angle at the center of the earth, and m = the 
coefficient of refraction, then 

f 

hence r = mC 

125. OBSERVATIONS AT ONE STATION ONLY. — If the obser- 
vation is made at one station only, the value of m must be known 
in order to compute the difference in height, and it should pref- 




erably be found from observations made in the same locality. 
In Fig. 42 Zj and Z^ are the true zenith distances, z^ is an observed 

* For exact values of R for different latitudes and different azimuths see U. S. 
Coast Survey Report for 1882, p. 180. 
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zenith distance, the actual Hne of sight being the curve AB. The 
angle of refraction is marked mC in the figure. 

Then z, = z^ + mC 

and Z2 = 180° - z^ - mC + C 

Therefore i (Z^ - Z,) = 90° - {z^ + mC ^ i C) 

and tan \ (Z, - ZJ = cot (z^ -f wC - J C) 

Hence by a similar process to that followed in deriving equation 
[40] we find that 

A, - A. = if cot {z, + mC - iC){i + ^^ + 7^4 

— being the circular measure of the angle C. If Zj = 90°- a^ 
R 

where a^^ is the observed angle of elevation, being positive when 

the angle is above the horizon and negative below, then 

The angle -- is divided by sin i" in order to reduce it to seconds 
R 

of arc. In solving for h^ — h^, approximate values are first 

obtained by omitting the last factor; these approximate values 

are then substituted in the last factor and corrected values 

computed. 

126. Value of m, — The value of m as found from a large 

number of observations is given in reports of the Coast Sur\'ey 

as follows. 

Lines crossing the sea .078 

Between primary stations (high elevation) .071 
In the interior of the country, about .065 
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In his " Geodesy," Clarke gives for the value of m 

For rays crossing the sea .0809 

For rays not crossing the sea -0750 

For approximate results it is sufficiently accurate to use an 
average value of m, but for precise work the value should be 
derived from observations made in the particular locality in 
question. 

The following are examples of trigonometric leveling taken 
from the Coast Survey Report for 1882. 

Example i. Simultaneous Observations. 

The distance from Santa Cruz to Ml. Bac he = 23931 "^.6 

Vertical Angle at Santa Cruz =^ + 2° 24' 58''.94 
Verti( al Angle at Mt. Barhe ^ — 2° 35' 34^.20 
Elevation of Santa Cruz = loS'^.Sy 

J («, - a,) = 2° 30' i6'.57 

log A' - 4 .37H97 
log tan i (ag — a,) = 8 .64089 



3 .01986 



^1 ■- 1155-67 
h, = 108 .87 



dh - io46"*.8 
• //, - 108 .87 



/I, 4- A.. 'f^-^"^ 
_._-- = 632.27 

log = 2 .8oo(; 
log /? = 6 .8047 



(approx.) /r, = 1155 .67 



5 90^2 



.000099 



// , + //, 
2 R 

log 10= 8.7579 
log 12 R^ = 14.6886 



+ .oooo<)9 
+ .000001 

1 .000100 

log = o .00004 

3 .01986 



Santa Cruz = io8"*.87 
^h ~ ^2 ^1046 .0 

Mt. Bachc 1155 .77 



3 .01990 



4 .0693 - 10 



12 /r 



=- .000001 



/;, — h.j = 1046.9 meters. 
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Example 2. Observation at One Station. 

Vertical Angle at Farmington to Mt. Blue, + 2^52' 4i*'.2. Distance = I55i9'"- 
m = o .071. Instrument 2^.2 above ground. Point sighted 4^.4 above ground. 
Elevation of Farmington = 181™. 20. 



.500 

m = .071 
( J - m) = .429 


colog R i 


log = 9 
log/i:«4 
an I*' - 8 

2 
215- 


■6325 
.1909 

•5097 
333^ 

'•3 


aj = + 2° 52' 41^2 
3 35 -3 


log i? = 6 .8047 
log sin i^ =^ 4 .6856 

1 .4903 


+ 2« 56' 16^.5 

log tan = 8.71030 
log a: - 4 19086 






3' 


35^ 


^3 


2 .90116 


4'".4 
2 ,2 


975 -45 
181 .20 


Elev. 


Mt. Bh 


dh - 796°'.45 
181 .20 


Reduction 2 .2 
to ground. 


977 65 
2 .20 


1156.65 
= 578.33 


A, -f h, 

2 


le (approx.) = 975 .45 


, *i + *a 
log-' ^ * 


= 2 .7622 










log/? 


= 6 .8047 
5 -9575 










A, -f/r, 
2 R 
log 1 .0001 


= .000090; 

= 0.00004 
2 .90116 


^4 






Farmington 181™. 20 
^2 - A, 794 ^33 




Mt. Blue 975 .53 




2 .90120 




Reduction to ground 


796^.53 
2 .20 


meters. 








Hence A, — A, 


= 794 33 





127. ROUGH Computations. — A Rough determination of 
the difference in height may be found by multiplying the hori- 
zontal distance to the station by the tangent of the vertical 
angle and applying a correction for curvature and refraction 
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(Table I, p. 387). The curvature and refraction may also be 
found by the formula * 

h --— [42] 

1.7426 

where K is the distance in miles and h is the correction in feet. 

This method of leveling is the one used in determining differ- 
ences in elevation by means of the stadia or plane table, except 
that for very short sights or for rough work the refraction cor- 
rection is omitted. 

BAROMETRIC LEVELING.f 

128. The Barometer. — The barometer is an instrument 
for measuring variations in the pressure of the air. Since this 
pressure varies with the height above the sea-level the barometer 
may be used as a means of measuring differences in altitude, an 
inch in the height of the mercury column corresponding to a 
difference of about 900 feet in ahitude. The atmospheric 
pressure varies also with changes of temperature and humidity, so 
that it is necessary in measuring difference in altitude with the 
barometer to determine the amount of these variations and to 
make proper allowance for them. 

There are two kinds of barometer used in surveying work, (i) 
the mercurial barometer and (2) the aneroid barometer. The 
former is usually of the type known as the Fortin, as this is the 
most portable form. Aneroid barometers differ considerably in 
size and in the details of construction, but are all based on the 
same general principle. The aneroid is a very convenient 
instrument on account of its small size and its sensitiveness to 
slight variations of pressure; it is liable, however, to become 
deranged if subjected to great ranges of pressure or if roughly 
handled. It is also subject to errors due to temperature changes. 

* See Coast Survey Report for 1882, p. 154. 

t For a more complete treatment of this subject -the student is referred to 
"The Use of the Barometer," by R. S. Williamson, published by D. Van Nostrand, 
New York. See also Trans, of the Am. Soc. of Civ. Eng., Vol. I, p. 277, for 
an article by Gen. Theo. G. Ellis on the Aneroid Barometer; and the U. S. 
Coast and Geodetic Survey Report for 188 1, App. 10. 
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Barometric leveling is at best only approxi- 
mate, but it is often extremely useful in such 
work as reconnoissance or in contouring on very 
small scale maps. The barometer does not 
give absolute heights, but may be used to 
measure differences in elevation. A barometer 
left at a station will often show large variations 
of pressure due to changes in the state of the 
atmosphere, so that a reading of the scale of 
the instrument is a function not only of the 
altitude but also of the atmospheric condition ' 
and of the errors peculiar to the instrument. 

129. The mercury Barometer. — The 
mercury barometer (Fig. 43) consists of a glass 
tube G, a little over 30 inches long, which con- 
tains a column of mercury. The lower end 
of the tube is connected with a cistern C which 
is filled with mercury. The glass tube is en- 
closed in a metal case M which is open front 
and back near the top (at N) so that the 
top of the mercury column can be seen. On 
the side of the case is a scale of inches and a 
vernier V for reading the height of the column. 
The upper end of the tube is closed and the 
air exhausted so as to form a vacuum above 
the mercury. The column is sustained by the 
pressure of the air on the mercury in the cistern. 
The lower end of the cistern L is made of soft 
leather. Underneath is a screw which supports 
the leather case of the cistern so that by turning 
the screw the mercury column can be raised 
or lowered. The tube is connected with the 
cistern by means of a piece of chamois skin S 
so that no mercury can escape, but air can go 
through the pores of the chamois skin and 
thus transmit pressure to the mercury in the 
cistern. When the barometer is to be read 
the screw at the bottom is turned until the mercury surface 





Fig. 43. Fortin's 
Barometer. 
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in the cistern is just tangent to an ivory pointer P which marks 
the zero end of the scale. The height of the column is read 
by means of the vernier on a piece of metal which may be 
raised and lowered in the case by means of the screw B. A 
thermometer (not shown in Fig. 43) is secured to the glass tube 
with its bulb in the mercury colunm for reading the temperature 
of the mercury. 

130. The Use of the mercury Barometer. — When the 
barometer is to be transported the screw at the bottom is turned 
until the mercury rises to the top of the tube. The screw 
should not be turned hard enough to strain the connections at 
the cistern, but sufficiently to insure the contact of the mercury 

with the top end of the tube. If 
the tube is held in a vertical 
position and is given a slight jolt, 
a sharp metallic click will be heard, 
due to the mercury striking against 
the upper end of the tube. If a 
very slight vertical movement of 
the tube produces a sharp click it 
indicates that the screw should be 
set up a little tighter, but the screw 
should not be turned so hard that 
no click can be heard. The barom- 
eter is then placed in its carry- 
ing case. It must be carried in 
an inverted position, and as the 
weight of the mercury is sufficient 
to break the glass or to loosen the 
joints in the cistern the instrument 
must be handled carefully. When 
a reading is to be made the- barom- 
eter is taken out of the case and 
hung upright from a tripod or 
other support (see Fig. 44). The 
screw is loosened until the mer- 
cury surface is below the ivory point. It is then raised until the 
ivory point and its reflection in the mercury surface are just in 




Fig. 44. Barometer and Tripod. 
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contact. The vernier is then raised or lowered until its lower 
edge is just in contact (apparently) with the top of the mercury 
column. This contact can be observed by holding a piece of 
white paper behind the mercury column and noting when the 
light just disappears at the highest point of the mercury sur- 
face. The vernier is then read. Several readings should be 
taken as a check, the surface in the cistern being lowered 
and again brought into contact with the ivory point each 
time. The temperature of the air and of the mercury are both 
read. 

131. The Aneroid Barometer. — The aneroid barometer 
consists of a hollow corrugated metal box A (Fig. 45) from which 




Fig. 46. Mechanism of the Aneroid Bakometek. 



the air has been partially exhausted and which is so thin that it 
will change its form when the air pressure changes. The move- 
ment of the top of the box B is communicated to the spring C 
and then through levers a, 6, and J, thus moving the link e, at the 
end of which is a chain wound around the shaft on which the 
pointer is fastened. 
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On the face of the dial (Fig. 46) are two scales, the inner one 
corresponding to inches of the mercury column and the outer 
to feet of altitude. This scale is constructed by comparing the 
aneroid with a standard mercurial barometer in an air chamber 
under different pressures. On most aneroids the zero of the 
altitude scale is placed at 31 inches of the scale corresponding 




Fig. 46. Face of Aneroid Barometer. 



to the mercury column. The outer scale should not be movable 
with reference to the inner scale, since the number of feet of 
altitude corresponding to one inch of mercury is different in 
different parts of the scale. On the back of the aneroid is an 
adjusting screw which regulates the pointing of the needle by 
altering the form of the corrugated box. This is used in adjust- 
ing the aneroid when comparing it with a standard mercury 
barometer. Most aneroids are marked " compensated," which 
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means that the mechanism is so arranged, by the use of different 
metals, that changes of temperature of the instrument will not 
aflfect the reading of the needle. A thermometer is often placed 
on the dial which is used by the maker in adjusting the instru- 
ment for compensation. This compensation, however, is seldom 
found to be perfect. 

132. THE USE OF THE ANEROID BAROMETER. — The ane- 
roid should be handled carefully in order to avoid disturbing the 
delicate mechanism- and thus changing the relation between the 
reading of the pointer and the form of the metal box. When 
the instrument is to be read the case should be tapped lightly to 
be sure that the chain has not stuck and that the instrument has 
adjusted itself to the changed pressure. The barometer should 
not be heated either by the sun's rays or by the body. It should 
stand a few minutes before it is read so as to allow it to come to 
the true reading. It may be held either horizontal or vertical, 
but should be held in the same position at all stations, as the 
reading is usually not the same in the two positions. Experience 
in using the aneroid indicates that as accurate results may be 
obtained from small aneroids as from larger ones. 

133. CALCULATING THE HEIGHT. — Laplace's Formula. 
The difference in elevation may be calculated by formula or by 
table, or it may be found directly by means of the readings of 
the altitude scale if an aneroid is used. 

There are several formulas for reducing the barometric read- 
ings to difference in elevation. One that has been very generally 
adopted is the formula given by Laplace, the principal term of 
which is 

D = 60158.6 X (log h - log H) [43] 

where h is the reading in inches at the lower station and H the 
reading in inches at the higher station. This gives the difference 
in elevation in feet, uncorrected for the temperature of the air, 
change in gravity, etc. 

Tables have been computed, based upon this formula or an 
equivalent one, giving values of (60158.6 log i7) for different 
heights of the mercury column. The difference of the two 
tabular numbers corresponding to h and H is the value of Z?, 
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the uncorrected diflFerence in height. The best of these tables 
is the one computed by Guyot, a portion of which is given in 
Table IX., p. 400. 

134. Corrections. — In order to obtain correctly the dif- 
ference in elevation between two stations it is necessary to apply 
the following corrections to the height obtained by formula [43]. 

135. I. The Air Temperature. — Since the height of the 
column of mercury sustained by the air is different at different 
air temperatures it is necessary to apply to the observed dif- 
ference in elevation a corresponding correction. It is assumed 
that the mean of the observed temperatures at the two stations 
represents the mean temperature of the air along the line. The 
correction is made by multiplying the value of D in formula [43] 
by the factor 

, tg' -\- tg - 64^ r 1 

'-" 9^r- t«^l 

where /« and tj are the observed temperatures in Fahrenheit 
degrees. This air temperature must of course be taken with a 
thermometer which is not attached to the barometer. 

136. 2. Temperature of the Mercury. — If a mercurial 
barometer is used, a correction due to the difference in tempera- 
ture of the mercury at the two stations must be applied. Since 
the mercury column will expand and contract with changes of 
temperature the observed heights of the column at the two 
stations will not correspond if the temperatures are different. 
This is. allowed for by reducing the observed height of the column 
at the upper station to the height corresponding to the temperature 
of the mercury at the lower station. If A' is the observed height 
at the upper station and H is the height at the upper station 
reduced to the temperature at the lower station, 

then // = A'(i 4- 0.00008967 (U - iJ)) [43b] 

where tm = the temperature of the mercury at the lower station 
and tm' = the temperature of the mercury at the upper station. 

137- 3- Variation in Gravity. — The variation in gravity 
due either to difference in altitude or to the latitude affects the 
difference in the pressure, and theoretically these corrections 
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should be applied to the difference in elevation. The correction 
for latitude to reduce the barometer reading to latitude 45° (for 
which Table IX is computed) is 

D X .0026 cos 2 L [43c] 

where D is an approximate value of the diflference in elevation 
and L is the latitude. The correction for the decrease of gravity 
due to altitude is 

\ 20 886 860 10 443 430 / 

These corrections, however, are too small to affect ordinary baro- 
metric work. In high altitudes and for latitudes which differ 
much from 45° these corrections should be applied. In ordinary 
practice the temperature corrections are the only ones that are of 
great importance. The formula as it would ordinarily be used is 

Z> = 60 158.6 (log h - logH) (1 + ^-^^^^^-^) [44] 

\ 900 / 

where H is height of the mercury column at the upper station 
corrected for temperature of the mercury. 

138. Airy's Formula. — A convenient formula for reducing 
barometric observations is that given by Airy, namely, 

Z? = 62 759 (log h - log H) (i + ^-^^^-;-r°^ [45] 

\ 1000 / 

As Airy's Tables, based on this formula, are the ones generally 
used in graduating the altitude scales on aneroids, the following 
is a convenient rule when the heights are read in feet directly 
from the altitude scale. Take the difference in the two altitude 
readings and correct it for air temperature by increasing it by 
its -^^Q J part for every degree which the sum of the temperatures 
exceeds 100° F. 

139. Rough Calculations. — A very convenient formula for 
making rough calculations without tables is that given by 
Schuckburg, 

^ h — H y I y^ ( for each degree of the mean ) r ^^ 

Z) = 55 000 plus — D\ ^ , r.^ \ [46] 

^^ h i- H ^ 500 I temperature above 55° F. ) ^ 

where H and h are in inches. 
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To insure the best results the mercurial barometer should be 
used, because it is not subject to as serious derangements as the 
aneroid. In the hands of an expert observer results within 2 or 
3 feet have been obtained, but it will require unusual care to 
secure results much closer than 5 or 6 feet. With the aneroid, 
however, great care must be used to obtain results within 5 or 10 
feet, assuming that the aneroid agrees with the standard barome- 
ter before and after the observations. It is very seldom that an 
aneroid will stay in adjustment for any great length of time, and 
the observer should be continually on the lookout for a sudden 
change in the adjustment. 

140. METHOD OF MEASURING DIFFERENCE IN ELEVATION. — 
I. By Two Barometers. In this method the variation of the 
atmospheric pressure at some fixed station whose elevation is 
known is directly observ^ed by means of one of the barometers kept 
at that station, and it is assumed that the variation in pressure at 
other stations is the same as that observed at the fixed station. 
If the stations are not far apart this will in general be nearly 
true. The barometer which is left at the first station is read at 
short intervals, often enough to determine accurately a curve of 
pressure variation for the day, or for the inter\'al of time covered 
by the altitude observations. This stationary barometer should, 
if possible, be a mercury rather than an aneroid, as the former 
is more rehable. The time of the readings and the temperature 
of the air and of the mercury should be noted. The second 
(moving) barometer, which, on account of its portabiUty, is 
usually an aneroid, is read at the beginning of the observations, 
at the first station, and the air temperature is also noted by 
means of a detached thermometer placed in the shade. The 
time should also be recorded. Care should be taken to place 
both barometers at the same level. The difference between the 
readings of the two barometers is an index correction to be 
applied to the readings of the moving barometer to reduce them 
to the readings of the fixed barometer. The barometer is then 
carried to the second station and the pressure, temperature, and 
time read again. Both the barometer and the detached ther- 
mometer should be kept in the shade. As many other stations 
may be included as desired. If a long stay is made at any 
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Station the readings should be taken upon arriving and just 
before leaving. This will check the variation curve given by 
the stationary barometer. It is well to make the time of 
traveling between stations as short as possible. The pressure, 
time, and temperature are read again at the first station upon 
the return. The change in pressure due to weather conditions 
may now be estimated and allowed for. This is done by inter- 
polating a reading of the stationary barometer corresponding to 
the instant at which the moving barometer was read at the 
distant station. The difference between this interpolated read- 
ing of the fixed barometer and the corresponding reading of the 
moving barometer while at the distant station, corrected for 
index error, is due to difference in elevation. This difference 
must be corrected for the temperature of the air as described in 
Art. 135. The result is the difference in elevation of the two 
points. It is well to make a second observation at important 
stations on the return trip, thereby obtaining two independent 
determinations of the difference in height. The following is a 
set of notes showing a convenient method of keeping the rec- 
ords and computing the results when two barometers are to be 
used. 

Record of Barometer Readings at Fixed Station. 



December 6, 1905. 



J. Jones. 



Station 


Time 


Mercury 
Barome- 
ter 


At- 
tached 
Therm. 


Air 
Therm. 




Field Office 
atP.C.RR. 
Depot 


10 .58 A.M. 

11 .30 

12 .00 M. 

12 .30 P.M. 
12.45 


(Inches) 
30 .720 

30 705 
30.695 

30.685 
30.680 


44° F. 

44° 
44° 

46° 
47^ 


40»F. 

41° 
43" 

45° 
48° 


30.720 
30.605 

.025 fall, 10.58 A.M. to 

12 M. 

30.695 
30 .680 

.015 fall, 12 M. to 12 .45 

P.M. 
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Record of Barometer Readings of Moving Barometer. 

December 6, 1905. 

L. Bro^t*. 



Station 


Time 


Aneroid . . _ 
Barometer Air Temp. 


B.M. at P.C.R.R. Depot 

Prospect A 

B.M. at P.C.R.R. Depot 


10 .58 A.M. 

12 .00 M. 
12 .43 PM. 


(Inches) 

30.57 
30.58 
30.05 
30.54 


40° F. 

36^ 

48° 



Computation of Difference in Elevation. 



30.57 
30.58 

30 .575 = mean 
.025 



30 .550 



30.54 
30.05 

30 -49 

.015 Correction for change in pressure. 



30 .505 Aneroid reading at lower station 
reduced to reading at 12 M. 



From Table IX, p. 400. 



(Inches) 

30 550 
30 .050 


29178 
28746 


(Inches) 
30 -54 
30.05 

ft. 


29169 
28746 


-i^-x 
900 


= 43° 

= 36° 


DifT. 
Temp. corr. 


432 
7 


423 
7 


79° 
64° 


Diff. in Elev 
Mean DifT. i 


. 439 ft. 
n Elev. 435 


430 ft. 


15° 
432-7-2ft- 



The above computations show a discrepancy of nine feet 
between the difference in elevation as computed from the first 
and second and that computed from the second and last readings 
of the aneroid barometer, which is as close an agreement as 
could be expected from two aneroid observations. 
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If there has been no record kept at the fixed station the com- 
putation of the difference in elevation from the aneroid readings 
alone would be as foUows. 

30 .575 Mean of first readings at P.C.R.R. 
30 .54 Last reading at P.C.R.R. 



.035 Diff. 



12:00 11:43 62 




30 575 


,0 : 58 10 : 58 ^^^ X 


■035 


.021 


62 min. 105 mjn. 


30 .554 Probable reading at 






P.C.R.R. al 12 M. 


44° 






36° 






16 8°° 


From Table IX, p. -400. 


n^ X 43S = 8 64° 




30.554 29181 


900 




30 .05 28 746 



16° 



435 
Temp. (\)rr. 8 

443 ft. 

Where the elevations of several stations are to be determined 
by the use of only one barometer the following method may be 
employed. 

141. 2. By One Barometer. — If only one barometer can be 
used the variations in pressure may be found roughly by wait- 
ing a short time at each station and noting the change in the 
reading during this interval and also the time corresponding to 
each reading. Before leaving the first station the readings are 
taken as described in Art. 140. Readings are taken upon 
arrival at and departure from each station. The first of the 
two readings at any station should not be recorded until 
the readings indicate that the barometer has adjusted itself to the 
changed pressure. The variation observed during these waits 
will aid in estimating the amount of the change due to weather 
conditions. Upon returning to the starting point the pressure, 
the temperature, and the time are again read. The total 
change in pressure due to weather conditions is given by the 
first and last readings. Whether or not the change has been 
uniform may be judged by the rate of change observed at the 
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various intermediate stations. If desired a curve may be con- 
structed which will be approximately the curve given by a 
barometer if one had been left at the first station. On this 
curve the only points which are known are the first and last, but 
the observations at the various stations give the slope of the 
curve, i.e., the rate of change, at different times of the day. 
From this cur\e readings may be interpolated corresponding to 
the various obser\ ations at other stations. 

142. PRECAUTIONS IN USE OF BAROMETER. — Upon arriving 
at any station the reading of the barometer should be watched 
until the instrument settles down to a fixed reading, showing 
that it has adjusted itself to the changed pressure. For good 
results the barometer should be used in clear weather when the 
pressure is probably constant. Since the altitude scale for an 
aneroid is graduated from the inch scale by the use of an 
empirical formula there is always a slight uncertainty in using 
this scale, so that some prefer to always read the inch scale and 
determine the difference in elevation by one of the formulas 
given above. The error in the height determined by a barom- 
eter is approximately constant within the range for which the 
instrument is designed, so that the percentage error is much 
smaller for large differences in elevation than it is for small 
differences. 

PROBLEMS. 

I Trigonometric Leveling. — Instrument at South Base. H. I. = 4.8 leet. 
Vertical angle to A Hutton (top of mast) = -f- 2° 08' 18^7. Distance = 3643.3 
feet. Height of Signal at Hutton = 32.7 feet. Elevation of ground at South 
Base = 77.8 feet, (m = .071.) Compute the elevation of the ground at A 
Hutton by method of Art. 125. Check by method of Art. 127, 

Arts. 186. 1 ft. 

2. Barometric leveling. 



Station 



SleejDer's . . 
Mt. Cardigan 

Mt. Cardigan 
Sleeper's . . 



Time 



7h oom A.M. 
ph oom A.M. 

^h oom P.M. 
^h 30m P.M. 



Aneroid 



(Inches) 
29.65 
28.75 

28.69 
29 -53 



Air Temp. 



65° F. 
68° 

78° 
76- 
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^. Barometric leveling. 



Sution 



Hooker's Stable 
Dwelley . . . 

Dwelley . . . 
Hooker's Stable 





Time 


Aneroid 






(Inches) 


8h 


15m A.M. 


29 


.57 


9h 


com A.M. 


29 -37 


loh 


30m A.M. 


29 


.38 


I2h 


3ora P.M. 


29 


•5« 



Air Temp. 



56° F. 

70° 
70° 



4. Barometric leveling. 



Station 


Time 


Mercury 
Barometer 


Att. Ther. 


Air Ther. 


Neponset River . . 

Blue Hill 

Neponset River . . 


loh 10m A.M. 
lib lom A.M. 
iih 55m A.M. 


(Inches) 
30 .580 
29.90 
30 540 


52°.5F. 
49°. 5 
54° .0 


54° .oF. 
5i°.o 
54° .0 



5. Barometric leveling. 



Station 



Time 



Steamboat Wharf 
Saddleback Mtn. 
Steamboat Wharf 



gh 15m A.M. 

2h 3oni P.M. 
-h ooin P.M. 



Aneroid 



(Inches) 
28.64 
25.87 
28.58 



6. Barometric levelirg. 



Sution 



Ravine House 
Durand Ridge 
Ravine House 



Time 



Aneroid 



8 .20 A.M. 
I .15 P.M. 
4.25 P.M. 



(Inches) 
28.59 
25 -34 
28.75 



Air Temp. 



61° F. 

42° 

56° 



Temp. 



12^3 F- 
-1^5 
10** .0 



Ravine House is 1285 feet above sea-level. 
7. Barometric leveling. 



Station 



Wonaloncet 

Whiteface 

Wonaloncet 



Time 



8h A.M. 

ih P.M. 

4h 30m P.M. 



Aneroid 



Air Temp. 



(Inches) 
29 .20 
25.92 
29 .26 



36° F. 
2° 
12° 



PART II. 
FILLING IN TOPOGRAPHIC DETAILS. 



PART 11. 
FILLING IN TOPOGRAPHIC DETAILS. 



CHAPTER IV. 
THB STADIA METHOD.* 

143. STADIA METHOD OF MEASURING DISTANCES. — The 

Stadia method of locating points is one in which distances are 
measured by observing through the telescope of a transit the 
space, on a graduated rod, included between two horizontal hairs 
called stadia hairs. If the rod is held at different distances from 
the telescope different intervals on the rod are included between 
the stadia hairs, the spaces on the rod being proportional to the 
distances from the rod to the instrument, so that the intercepted 
space is the measure of the distance to the rod. 

The stadia method of locating points furnishes a rapid means 
of filling in the details of a topographic or a hydrographic map 
and gives results of sufficient accuracy except for maps of very 
large scale. This method, used either with the transit or with 
the plane table, is the one chiefly employed in this country on 
the government topographical surveys, and has practically re- 
placed the older and slower methods on all topographical work 
on small scale maps. Owing to the fact that in making a stadia 
measurement the intervening country does not have to be trav- 
ersed, as is necessary when making a tape measurement, dis- 
tances can be taken across ravines and water surfaces, and over 
rough as teadily as over smooth ground. This gives the stadia 
method a great advantage over the tape in point of speed. 
Another advantage of this method over that of chaining is that 
the errors of stadia measurements are compensating while those 
of chaining are cumulative. (Vol. I, Art. 23, p. 14.) Further- 
more, the accuracy of the stadia measurements is not diminished 

♦ The word telemeter is sometimes used instead of stadia. 
M7 
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in rough country, so that this method is frequently, under favor- 
able conditions, as accurate as chaining. Heretofore the stadia 
method has been almost exclusively applied to topographical 
work, but it can be applied with great advantage to other kinds 
of surveys. The determination of areas, for example, often 
demands no greater precision than can be obtained by the stadia 
method. 

144. Instruments. — The only equipment needed for this 
work in addition to the ordinary engineer's transit is a set of 
stadia hairs in the telescope, and some form of graduated rod 
on which distances may be read from the instrument. The two 
stadia hairs are usually placed on the cross-hair diaphragm 
parallel to and equidistant from the horizontal cross-hair. In 
some instruments they are so arranged that the distance between 
them is adjustable. For exact work the fixed hairs are to be 
preferred, as they do not get out of adjustment and the instru- 
ment maker can readily set them at the desired distance apart 
with sufficient accuracy for ordinary work. Sometimes the 
stadia hairs and the cross-hairs are placed on separate diaphragms 
or in different planes, so that when the eyepiece is focused on the 
ordinary cross-hairs the stadia hairs are invisible, and vice 
versa; these are called disappearing stadia hairs. There should 
be diagonal (X) cross-hairs in the same plane as the stadia hairs 
to define the center line of sight so that horizontal and vertical 
angles can be measured without throwing the stadia hairs out of 
focus. This arrangement of cross-hairs is open to the objection 
that when it is desired to read half a stadia interval, as is 
explained later, it cannot be done conveniently or accurately. 

The telescope of a transit intended for stadia work should 
have a magnifying power of from 20 to 30 diameters, and should 
give a clear, well-defined image. It is desirable, although not 
necessary, that the instrument should be provided with a com- 
pass needle. Stadia instruments should have a vertical arc 
suitable for measuring vertical angles to the nearest minute. 
In some kinds of work it is convenient to have a complete vertical 
circle so that vertical angles can be read both on foresights and 
on backsights. Since vertical angles })lay such an important 
part in this work it will prove to be a great saving in time to have 
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the vernier and spirit level mounted on a separate arm, so that 
the index correction can be made zero each time a vertical angle 
is read. (See Vol. I, Art. 67, p. 54, and Fig. 57, p. 193 of this 
volume.) 

145. Stadia Rods. — There are many patterns of stadia rods 
both as regards the construction of the rod itself and the style 
of diagram used to mark the graduations. The diagrams for 
ordinary work should be simple, so that long distances may be 
quickly read. Complicated diagrams are to be avoided except 
where all of the sights are short and where greater precision is 
desired than is usually required in stadia work. The rods shown 
in Fig. 47 are all in common use. 

In these rods the diagrams are made so that the .05 ft. or 
.10 ft. spaces can be easily distinguished and the hundredths of a 
foot estimated. Rods (a), (6),* and (c) are used where the 
distances to be measured are not over, say, 800 feet; while a rod 
marked like (d) is serviceable for long distances as well as short 
ones. The metric rod (e) is one of the patterns used by the 
U. S. Coast Survey for long distances. The numbers marked 
on the face of the stadia rod are sometimes made i.o feet or 
.15 feet high, the lines of the numbers themselves being .01 feet 
or .02 feet in thickness. 

The rods on which these graduations are painted consist of 
wooden strips from 3 to 5 inches wide and 10 to 15 feet in length. 
For convenience in carrying the rods they are usually made in 
two sections joined by hinges, but in some cases the two parts are 
separate. Above each of the rods shown in Fig. 47 is a type of 
hinge or clamp; these do not necessarily apply, however, to the 
particular rods above which they are shown in the figure. 

Sometimes the scale is painted on a strip of flexible material 
which may be fastened temporarily to a board while in use. 

Rods are sometimes graduated to correspond with the stadia 
interval of a particular instrument, but this is not always con- 
venient, since the rod cannot be used except with the instrument 
for which it was designed. The common practice is to graduate 
the rod to feet and tenths, and to have the stadia hairs set to 

♦ This rod was designed by Pierce and Barnes, Surveyors, Boston, Mass. 
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Fig. 47. Stadia Rods. 
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agree as nearly as possible with this graduation. If very precise 
results are sought, rod intervals may be taken at known dis- 
tances and a set of corrections determined for the instrument. 

146. PRINCIPLE OF THE STADIA. — The fundamental prin- 
ciple upon which the stadia method depends is the simple geo- 
metric proposition that in two similar triangles homologous sides 
are proportional. Suppose that the telescope is level and is sighted 
at a vertical rod, then a certain space on the rod will apparently 
be intercepted between the stadia hairs, the length of this space 
on the rod depending upon the distance from the instrument to 
the rod. 

In Fig. 48 let L be the optical center * of the objective, a and 
b the stadia hairs, and A and B the points on the rod where the 




Fig. 48. 

Stadia hairs appear to cut it. AB \s then the intercepted space 
when the rod is at the distance LX. If the rod were moved to 
the position F, where the distance is one-half LX, then the 
intercepted space A^'B'^ would be one half AB. That is, the 
space on the rod is proportional to the distance. Let Lp = f^ 



* Strictly speaking the lines representing the rays of light should not be drawn 
straight through the optical center as in the figure but should be bent at the sur- 
faces of the lens. As a result the vertices of the two triangles ALB and aLb do not 
fall at L but fall at two points U and L" inside the lens. The same ratio will be 
seen to exist between the sides of these triangles (A UB and aVb) as exists in case 
of the triangles discussed in the text. The error introduced by neglecting the 
distance L'L" is entirely inappreciable in stadia measurements. 
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and LX =/, (these distances being known as conjugate foci); 
also let AB = 5, and aft = L 
Then from the similar triangles, 

/2 'fi =^''i [47] 

When the rod is moved from X to F it becomes necessary to alter 
the focus of the objective, i.e., the distance between the objective 
and the cross-hairs must be increased. In some telescopes this 
is accomplished by moving the tube containing the eyepiece and 
the cross-hairs, and in others by moving the objective. In the 
figure let L remain fixed and suppose the cross-hairs to move to 
the position a'ft'. If the rod is now viewed through the telescope 
the cross-hairs will not appear to strike at A^^ and 5'' but at 
A' and B\ The lines AA^ and BE' continued will meet at some 
point V on the optical axis, in front of L, 

In determining the position of this point it is necessary to 
make use of the " Law of Lenses," namely, 

in which F is the focal length of the objective, i.e., the distance 
from the optical center to the cross-hairs when the telescope 
is focused on a distant object. (Vol. I, Art. 46, p. 35.) Solving 
equations [47] and [48] simultaneously, 

f2 = js+F [49] 

t 

i.e., the distance LX is made up of two parts, — the variable 
p 

distance VX, or — s, and the constant LV, or F. Since equa- 
t 

tion [49] was derived from a general case, ZF is a constant for 
all stadia readings made with the same instrument, and the dis- 
tance VX is a variable depending upon the rod interval. Hence 
all stadia distances (from the objective) are obtained by multi- 

F 

plying the space on the rod by a constant, - , and adding to this 

t 

result the focal length, F. The distance desired, however, is 

from the center of the instrument to the rod. This is found by 
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adding to the above result the distance CL from the objective to 
the center of the instrument, which will be called c. The com- 
plete expression for the distance is then 

p 
Distance = - ^ + (F + c) [50] 

P 
147. Stadia Constants. — In equation [50] the ratio — is a 

t 

constant for any given instrument in which the stadia hairs are 
not adjustable. The quantity (F + c) is practically a constant 
for any given instrument. F is always strictly a constant, and 
c is also a constant provided the telescope is focused by moving 
the eyepiece; if the focusing is done by moving the objective, 
c will not vary more than a hundredth of a foot in ordinary 
stadia sights, a negligible quantity in stadia measurements. 
The distance between the cross-hairs is generally made equal to 
one one-hundredth part of the focal length, so that the distance 
(VX) may be found by multiplying the space on the rod by 100, 
i.e., every hundredth of a foot on the rod corresponds to a foot 
in distance. In practice it is customary to read the rod interval 
to the nearest hundredth of a foot only, so that the distance is 
obtained to the nearest foot. 

If the stadia hairs are not set at exactly this interval the error 
may be determined by measuring a base-line with a steel tape 
and taking several readings on a rod held at two different dis- 
tances, say 100 feet and 600 feet. In order to obtain these rod 
intervals accurately it is advisable to use a leveling rod (like the 
New York rod) with two targets, the lower hair being set on the 
lower target and the upper target being set opposite the upper 
hair. When the rod intervals have been carefully determined 
at both of the distances, the constant may be found by substitut- 
ing these values and the measured distances in equation [50], 

F 

thus forming two equations of the same form in which t and 

{F + c) are the only unknowns. Solving these two equations 

F 

simultaneously will give an accurate value for the constant—- 
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p 

The determination of — should not be made to depend on one 

set of measurements; a sufficient number of readings should be 
taken to eliminate errors of reading. It is advisable to deter- 
mine this constant under conditions which approximate those 
existing in the field work.* 

p 
Example of Determination of -; At a distance of 604.9 

feet the following rod intervals were taken. 

6.059 
6.057 
6.058 

With the same instrument and with the rod 65.0 feet away the 
following readings were taken. 

0.637 
0.637 
0.638 

Taking the mean in each case and substituting in equation 

[50] we obtain 

p 
604.9 = T X 6.058 + {F + c) 
t 

65.0 =1^X0.637 + (F +c) 

i 

P 

The simultaneous solution of these gives — = 99.59 

t 

This is not a satisfactory method for finding {F+ c), since 
errors in the readings cause a comparatively large error in the 
result. The constant {F + c) may, however, be directly meas- 
ured with all the accuracy needed. F is the distance from the 
objective to the cross-hairs when the objective is focused for a 

♦ For a valuable paper, by Professor L. S. Smith, on the effect of differential 
refraction on the constant — see Bulletin of the University of Wisconsin, Vol. I, 
No. s. 
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distant object, and c is the distance from the objective to the 
center of the instrument when focused for an average length of 
sight. 

If it is desired to obtain — from a single set of readings it is 

% 

possible to substitute the measured value of {F -f c) in either 

one of the above equations and obtain - from that equation 
alone. 

148. The Constant {F + c). — The constant {F + c) is 
different for different instruments as shown by the following 
table, which contains the values of this constant as determined 
for four instruments of common types. 





F. 


c. 


F-V c. 


Ordinary engineer's transit 
(erecting) 

Large transit (inverting) . . 

Mountain transit (inverting) 

Plane-table alidade (invert- 
ing)* 


.60 ft. 

0.84 

0.57 

1 .21 


.43 ft. 

0.45 

0.32 

0.61 


I .03 ft. 

1.29 

0.89 

1.82 



Although the constant (F + c) varies from about 0.75 to 
about 1.3 s in different transits it is customary and sufficiently 
accurate to regard it as i foot, since the distances are read to 
the nearest foot only. In the case of plane-table alidades, how- 
ever, this constant is often nearly 2 feet. 

149. Formulas for inclined Sights. — In practice it is 
customary to hold the rod plumb rather than perpendicular to 
the line of sight, because the former position can be readily and 
accurately judged, while it is not easy to determine when the 
rod is perpendicular to the line of sight. On inclined sights, 
when the rod is plumb, the vertical and horizontal distances 
evidently cannot be found by solving a simple right triangle. 

♦ On account of the way in which the alidade is used in plane-table work 
c actually varies several tenths of a foot but this variation is of no consequence 
in surveying with the plane table. 
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In Fig. 49 let AB he the intercept on the rod when it is held 
vertical, A'B^ the intercept when the rod is perpendicular to the 
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Fig. 49. 



line of sight, i.e., A'B' is perpendicular to CO. *In the triangle 
AOA\ Z.0 = /ia, the measured vertical angle; AA'= 90® + m; 
and /- A = 90° — (a + m), m being half the angle between 
the stadia hairs. In the triangle BOB', ZO = Za] /1B' = 
90° — m] and Z 5 = 90° — (a — w). 



Then 



and 



AO 



sin (qo° 4 w) 



il'O sin {90°- (a -fw)} 

BO _^ sin (90° -w) 
B'O ""sin {90°- (a -w)} 



AO +0B = AB 



cos w 



COS m ^ 



= i A'B'\ ; -T ; , c 

( cos (a + m) cos (a—vi)) 
from which may be obtained 



A'B' =ABcosa-AB 



tan^ m 



cos a 

The value of the second term is very small; for ^45 = 15.00 feet, 
a = 45°, and m = tan"* 0.005, ^^is term is only 0.0002 feet, 
and hence it may always be neglected. In other words it is 



♦ This demonstration is nearly the same as that given by Mr. George J. Specht 
in "Topographical Surveying," published by Van Nostrand Company, New York, 
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always sufficiently accurate to regard the angles A' and B' as 
right angles. 

.-. A'B' =ilScosa 

The difference in elevation between the center of the instru- 
ment and the point O on the rod is derived as follows, 

DO = CO sin a 

^\^ A'W + (F+c) j sina 

■p 

— T AB sin a cos a + (F + c) sin a 
t 

F 
= - AB . i sin 2 a + (F+ c) sina [51] 

t 

For the horizontal distance from the transit point to the rod 
we have 

CD 5= CO cos a 



= j^^'J5' +{F +c)l cosa 



p 
= T AB cos' a + (F+c) cos a [52] 

150. Most of the stadia tables, diagrams, and stadia slide rules 
in common use are based upon these two formulas, [51] and [52]. 

F 
Table X, p. 404, contains the value of t .-4 S. ^ sin 2 a for 

values of a varying from o degrees to 30 degrees, and for a rod 

F 
interval (AB) of one foot. -7- is taken as 100, the usual ratio. 

t 

The vertical height for any rod interval can be obtained by 
multiplying the tabular number by that rod interval. The 
table of horizontal corrections (Table X) contains the number 
of feet to be subtracted from the distance read, 100 X -45, and 
is given for different distances up to 1000 feet and for angles 
from o degrees to 29 degrees. It is ordinarily possible to inter- 
polate mentally and to obtain the correction to the nearest foot, 
which is sufficiently accurate for most stadia work. 
To allow for the constant (F + c) when obtaining the vertical 
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height the term (F + c) sin a should be added to the result 

found from the table. Strictly speaking this term should be 

computed separately, but the error is almost always negligible 

if the constant {F + c) is first added to the distance loo X -45, 

F 4- c 
which is equivalent to adding to the rod interval, and then 

ICO 

the vertical height obtained from the table as before. In allow- 
ing for this constant when determining the horizontal distance 
the term (F+c) cos' a is always so nearly equal to (F+c) 
that the true horizontal distance may be found by adding (F + c) 
to looX AB and then subtracting the horizontal correction. 

The error resulting from these approximations may be seen 
from the following examples. Suppose the constant (F + c) is 
one foot and the vertical angle is 30 degrees, then the value of 
(F+c) sin a is 0.500 feet, which would be the true correction. 
The value of (F + c) . i sin 2 a, the approximate correction, is 
0.433 ^^^^t '^'^-y t^^^ error in height is about 0.07* feet for this 
extreme case. Except where great accuracy in leveling is re- 
quired, even this error of .07 feet would not be important. 
For ordinary angles, say 5 degrees, the error is less than .001 
feet; for 10 degrees it is less than .003 feet. 

The error in the horizontal distance for a = 30 degrees and 
(F+ c) = oiie foot is but .012 feet, a negligible quantity in 
ordinary stadia measurements. For alidades of plane tables 
these errors will be nearly twice those given above, since the 
constant (F+c) is often nearly 2 feet. It is evident therefore 
that it is nearly always safe to make this approximation. 

151. On most stadia work the vertical angles are not large, 
so that the resulting horizontal corrections amount to only a 
few feet. In the following table are given certain angles and 
distances for which the horizontal correction is just one foot. 



Angle 


Distance 


Horizontal 
Correction 


2" 

3 

4 

5 
6 


821 

365 
205 

132 
92 


— I .0 

— I .0 

— I .0 

— I .0 

— I .0 
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For the angles and distances in this table the minus horizontal 
correction is nearly equal to the plus correction (F + c), which 
is generally about one foot. On most topographical work the 
distances are not required nearer than one or two feet, hence 
the horizontal correction may usually be neglected for vertical 
angles of less than 3 degrees. For long distances the horizontal 
corrections for angles of less than 3 degrees may amount to 
more than one foot, but the uncertainty in the reading for such 
distances is much greater than the horizontal correction itself, 
so that it is usually safe to omit the horizontal correction in these 
cases. The constant (F + c) is usually omitted in topograph- 
ical work. If the horizontal correction is neglected, as suggested 
above, the resulting error will be small, since the two corrections 
always tend to neutralize each other. 

152, FIELDWORK. — In surveying by the stadia method 
points are located by means of (i) the azimuth, (2) the angle of 
elevation or depression, and (3) the distance. When the survey 
does not involve the determination of elevations the vertical 
angles are simply read close enough for computing the horizontal 
correction to the distances read. But when a topographical 
survey is made, the determination of elevations becomes neces- 
sary and all vertical angles must be read closer, usually to the 
nearest minute. The azimuths and distances are read in both 
kinds of surveys with a precision that is consistent with the 
accuracy required in the final result. 

Traverse lines which form the control of the survey are run 
out either by means of the transit and tape or by stadia, accord- 
ing to the accuracy demanded. Where a number of transit 
points are to be distributed over a large area this can be most 
rapidly done by laying out a small system of triangulation, in 
which a few of the lines are measured with the tape and the 
lengths of all of the lines in the system are computed; those 
lines which were measured will serve as checks on the accuracy 
of the work. In a triangulation system of this nature the angles 
need not be read closer than to the nearest minute and the dis- 
tances measured to the nearest tenth of a foot, both of which 
are precise enough for the control of any ordinary stadia 
survey. Where the survey is controlled by such a triangula- 
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tion or by tape traverses the stadia work is confined to filling 
in details. 

Where topographic work is to be done by stadia for a small 
scale map it is customary to run out the traverses by the stadia 
alone, as this will afford a sufficient degree of accuracy. (See 
Art. 156, p. 163.) In making detail plans on a large scale, 
such as those required by a landscape architect, the work may 
best be done by establishing a few controlling points by transit 
and tape traverses and using the stadia for details only. In 
running traverses with the tape for any purpose the stadia read- 
ings furnish a most valuable check upon the distances. 

From the traverse line as a control, points taken for the purpose 
of locating details are determined by angles and stadia distances. 
These observations are commonly called " side shots." The 
accuracy with which these measurements are taken need not be 
so great as that of the traverse measurements, because any error 
in the measurements will affect only a single point, whereas an 
error in the traverse line will be carried through the rest of the 
traverse. The side shots are usually numbered consecutively in 
the note-book. 

In locating points as above described the readings are con- 
veniently taken in the following order. The vertical hair is 
first set on the rod and the upper plate clamped; the distance is 
then read by setting one stadia hair on a whole foot-mark and 
reading the position of the other stadia hair; finally the middle 
horizontal hair is set on the point on the rod to which the vertical 
angle is to be taken. After making this setting the transitman 
signals the rodman to proceed to the next point and in the mean- 
time he reads the azimuth and the vertical angle. 

153. Azimuth Angles. — Azimuths are usually reckoned from 
the south point through the west up to 360 degrees in .accordance 
with geodetic practice. If the true azimuth of any line is known, 
or if observations for the true meridian have been made, all the 
azimuths of the survey may be referred to the meridian. If the 
direction of the true meridian is not known an initial azimuth 
may be taken from the magnetic bearing of some line and all 
azimuths referred to the magnetic meridian. The latter method 
has the advantage that all azimuths may be directly checked 
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(roughly) by reading magnetic bearings in addition to the azimuth 
indicated by the vernier. If for any reason the magnetic meridian 
cannot be used, any direction may be arbitrarily assumed as a 
meridian and all azimuths referred to this direction. In case a 
transit and tape traverse has been previously run it is often con- 
venient to assume one of the transit lines as the o° line of azimuths, 
a new reference line for the azimuths being taken at each set-up 
if desired. 

In running traverses by stadia it is necessary to carry forward 
the direction of the meridian from one transit point to the next; 
there are two methods in common use, each of which has its 
advantages. Suppose that the work at point A is completed, all 
of the azimuth angles about A having been referred to the meri- 
dian which was chosen as the o° direction, and that the transit 
is to be moved to a new station S. Before leaving A the transit 
point B is located from A by its distance and azimuth. The 
transit is then set up at B and the azimuth of any line (5C) is 
determined in either of the following ways. 

(i) Backsight on A with the telescope inverted, the horizontal 
circle remaining at the same reading it had at A (the azimuth of 
line AB)\ clamp the lower plate, turn the telescope into its direct 
position, and, loosening the upper plate, turn toward C. The 
circle will then read an angle which will be the azimuth of BC 
referred to the same meridian as the azimuth of AB. It is 
evident that this method does not eliminate any error that may 
exist in the line of coUimation, so that the error in the azimuth 
will accumulate. The advantage of this method is the rapidity 
with which the instrument can be oriented. 

(2) Add 180 degrees to the azimuth of AB^ set this off on the 
plate, and sight on A with the telescope direct. Sight the 
telescope toward C, and the angle read will be the azimuth of BC, 
The disadvantages of this method as compared with the former 
are that time is consumed in setting the circle at each new set-up 
of the instrument, and that there is an opportunity for mistakes 
in calculating and in making the setting on the vernier. 

154. Vertical Angles. — When vertical angles are to be taken 
the middle horizontal cross-hair is sighted at a point on the rod 
whose distance above the foot of the rod is equal to the distance 
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from the center of the transit to the ground (or the stake) beneath. 
This distance is known as the height of instrument (H.I.); it is 
not the same as the H.I. used in ordinary leveUng, which is the 
height of the instrument above the datum plane. If the cross- 
hair is sighted at this H.I. point on the rod, it is evident that the 
line of sight is parallel to the line from the transit point to the foot 
of the rod, and that the difference in elevation between the 
center of the instrument and the H.I. on the rod is the same as 
the difference in elevation between the point under the transit 
and the foot of rod. 

155. Distances. — The distance is read by setting one of the 
stadia hairs on a whole foot-mark and counting up the feet and 
tenths between the stadia hairs, the hundredths of a foot being 
estimated. If a Philadelphia leveling rod is used and the dis- 
tances are short, the hundredths of a foot may be read directly. 
Great care should be taken not to mistake the middle horizontal 
cross-hair for one of the stadia hairs. This mistake is likely to 
occur when the telescope is of high power, so that the stadia hairs 
appear to be far apart in the field of view and consequently the 
eye does not readily see all three hairs at once. In counting the 
number of feet in the rod interval between the stadia hairs great 
care should be taken to obtain this interval correctly. It can be 
checked by reading the interval between the middle hair and a 
stadia hair and observing if this is approximately one half of the 
whole interval. 

It is customary in reading the distance to set the lower stadia 
hair on that foot-mark which will bring the middle cross-hair in 
the vicinity of the H.I. In finding the horizontal correction to 
apply to the distance read it is customary to use the vertical angle 
taken on the H.I. Theoretically a slight error is introduced by 
taking the distance reading with a stadia hair on a whole foot- 
mark and then making the vertical angle setting on the H.I., thus 
taking a distance and an angle which do not exactly correspond. 
The middle hair, however, need not be more than half a foot 
above or below the H.I. when the distance is read, and in this 
case it is easy to show that the error can never be a serious one. 
For example, with a rod interval of 5.00 feet and a vertical angle 
of 20 degrees the corresponding reading on a rod held perpen- 
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dicular to the line of sight is 4.6985. If it is assumed that it is 
necessary to move the cross-hair over one foot in order to set on 
the H.I., the effect on the vertical angle then amounts to about 
0° 06' 28". The interval on a vertical rod held at the same place, 
for an angle of 20® 06' 28", would be 5.0036. The error in the 
distance would therefore be less than 0.4 feet. This indicates 
that for the angles and distances occurring in practice no special 
attention need be paid to this error, since the angles will gener- 
ally be less than 20 degrees. For very large angles and great 
changes in rod-reading, however, it may become appreciable. 

Whenever a portion of the rod is obscured, by leaves for 
instance, or when the distance is so great that the two stadia 
hairs do not both fall on the rod at the same time, an approxi- 
mate value of the reading may be obtained by reading first the 
interval between the upper and middle hairs and then the 
interval between the middle and lower hairs, and taking the sum 
of the two readings. If the two spaces are known to be exactly 
equal it will be sufficient to take one reading and double it, 
but it should never be assumed that the two are equal. This 
method gives good results for small vertical angles, but when 

the vertical angle is large the change in the angle fo° 17' 11" for 

the ordinary value of t ) may introduce an appreciable error. 

If the rod interval is 2.30 feet (or 230 feet distance) and the 
vertical angle = 30 degrees, the error in the distance will amount 
to 0.7 feet. 

It is important that the rod should be held plumb when the 
distance is being read, as any inclination of the rod will evidently 
introduce an error into the observed distance. While this error 
may not be a serious one for level sights, it becomes large on 
steeply inclined sights. In some classes of stadia work it is 
desirable to plumb the rod by means of a rod level whenever 
highly inclined sights are taken. 

156. Stadia Traverses. — In a stadia traverse the instru- 
ment is set at the first station and the telescope set on the meridian 
(or reference line) with the vernier reading 0°. The position of 
the second station is located by reading the distance, azimuth, 
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and vertical angle. In determining the azimuth of the line it is 
well for the rodman to show the narrow edge of his rod as a 
foresight, so that the transitman can make a more exact setting 
of the vertical cross-hair. The transit is then moved to the 
second station and placed in position by backsighting on the 
first point as explained in Art. 153; at the same time the vertical 
angle and the distance are again read, thus checking the dis- 
tance between the two points and also the difference in elevation 
if stadia levels are also being taken. In reading the distances 
both ways there is also an opportunity to guard against an inac- 
curate reading due to poor illumination of the rod. By sight- 
ing both directions with the telescope erect the index error of 
the vertical circle is eliminated; this process is similar in princi- 
ple to the peg method of testing a level. (See Vol. I, Art. 128, 
p. 91.) 

157. Checks on the Traverse. — In running a closed stadia 
traverse the azimuths may be checked by redetermining the 
azimuth of the first line from the last and noting whether this 
value checks the azimuth of the first line as determined at the 
beginning of the traverse. If these differ by less than 5 minutes 
of angle the result will be sufficiently accurate for most topo- 
graphical purposes. The azimuths may be roughly checked at 
any point by reading the magnetic bearings of the lines. Where 
there are triangulation points connected with the survey the 
known azimuths of these triangle sides will furnish a complete 
check. 

If very long sights occur in the traverse it is desirable to 
measure the distance both by taking the sight for the full length 
of the line and by setting the instrument at a point about 
midway along the line and measuring the stadia distances and 
the vertical angles to both the backward and forward stations. 
The sum of the two corrected distances will usually be more 
accurate than the single reading from one end of the line to the 
other. This single reading, however, will furnish a check on the 
distance. It will be observed that the constant (F + c) enters 
twice where the distance is measured by an intermediate set-up. 

A useful method of checking a long stadia traverse consists 
in occasionally sighting on some distant object, if there is one 
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that can be frequently seen, such as a church spire or a triangu- 
lation signal. This checks both the azimuths and the distances. 
(See Vol. I, Arts. 172-5, pp. 157-8.) 

In running stadia traverses for several miles where no other 
check on the azimuths can be obtained it is advisable to make 
observations on the sun for azimuth, (see Vol. I, Art. 214, p. 193). 
Such observations can be quickly taken and if made in the 
morning or afternoon, when the sun is not very near the meridian, 
will give the azimuth within about one minute of arc, which is 
as acciurate as is required for this purpose. 

158. PRECISION OF THE MEASUREMENTS. — The precision 
required in any traverse will depend upon the purpose of the 
survey. If it is a survey for determining the approximate area 
of a piece of property the distances must be read to the nearest 
foot or half-foot and checked by backsight readings as already 
explained. The angles of the traverse are usually recorded to 
the nearest minute, which is evidently closer than is consistent 
with distances which are correct to the nearest foot only. This 
practice of recording the distances to the nearest foot and the 
traverse angles to the nearest minute is also followed in traverses 
for topographical work. Under good conditions there will be no 
difficulty in obtaining the distance by stadia methods within 
about one part in 500. On long traverses, on account of the 
compensation of errors in stadia distances, an accuracy as high 
as one in 1000 has been reached. 

In taking side shots for locating topographic details the angles 
should be taken with a precision which is consistent with the 
precision of the measures of distance and with the accuracy of 
the plotting. The distances will often need to be read as closely 
as the method permits with the ordinary form of rod, i.e., within 
about one foot. At a distance of about 60 feet the nearest 1° of 
azimuth corresponds to the nearest foot in distance; at about 340 
feet the nearest 10' of azimuth corresponds to the nearest foot of 
distance; and at 680 feet the nearest 5' of azimuth corresponds 
to the nearest foot in distance. At distances greater than 700 
or 800 feet it is not usually necessary or possible to read distances 
to the nearest foot, so it is safe to say that the azimuth need 
never be read closer than the nearest 5' on side shots. More- 
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over the side shots are generally plotted with a protractor, and 
5' is about the limit of accuracy for plotting angles by this method 
when the ordinary form of protractor is used. 

It will usually be necessary to take the vertical angles to the 
nearest minute in order to obtain elevations with the required 
accuracy. On a 340-foot sight the nearest i' of vertical angle 
corresponds to the nearest tenth of a foot in elevation; on a 1000- 
foot sight i' corresponds to 0.3 feet. This indicates that on 
ordinary work vertical angles should be read to the nearest 
minute. Where the elevations are required to a tenth of a 
foot, long distances are avoided because the vertical angle can- 
not be taken with sufficient precision, but where the elevations 
are not required closer than to the nearest foot, longer distances 
may be used, although it will still be necessary to read the vertical 
angles to the nearest minute. For approximate elevations and 
on short sights the vertical angles frequently need not be read 
closer than to 5 or 10 minutes. 

Where it is required to locate a certain side shot with greater 
precision than is possible by a single stadia measurement it can 
be done by taking another azimuth and distance from some 
other transit point where the two lines to the desired point will 
form a good intersection. The intersection of the two lines as 
determined by their azimuths will give a more precise location 
of the point than stadia distances, provided the traverse stations 
have been located by tape measurements. The stadia distances 
to the point may be used to check its position. 

159. Remarks on Fieldwork. — Under ordinary condi- 
tions a party of three men is sufficient for stadia work, the note- 
keeper, transitman, and rodman;.but where the rodman has to 
walk long distances between shots or where the traveling is diffi- 
cult it is often an advantage to have two rodmen. So far as the 
transitman is concerned there is little difficulty in taking the' 
readings rapidly enough to keep up with two rodmen, but if 
the note-keeper is taking full notes in regard to the topography 
it is probable that under ordinary conditions he will so limit the 
speed of the party that one rodman will be sufficient. 

It sometimes happens that the rodman is so far away that 
directions have to be given to him by signals. A very simple 
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and practical way to do this is by making use of a whistle, some 
simple code having been devised for the purpose. In determin- 
ing the HJ. at a new set-up it is convenient to take this measure- 
ment with a pocket tape, as this will obviate the necessity of 
bringing the rod up to the transit. Since the H.I. is usually a 
little less than 5 feet it is convenient to have a red mark painted 
at the five-foot point on the rod to aid in quickly finding the H.I. 
in making settings. Some surveyors place a rubber band or a 
piece of red cloth on the rod so that it can be moved, at each 
set-up, to the new H.I. This is open to the objections that the 
band is likely to be moved accidentally and that the rodman 
may forget to change it at the new set-up; but it has the advan- 
tage of saving time in sighting the middle hair. 

It is sometimes impossible to see the H.I. point on the rod; 
in such cases the vertical angle is taken at some whole number 
of feet above or below the H.I. and is so recorded in the notes 
(see Fig. 51), this correction being applied when the differences 
in elevation are computed. The transitman should keep in 
mind constantly the H.I. for the set-up he is using, not only for 
the purpose stated above, but also to check the position of the 
red marker, which may have been accidentally moved from the 
proper H.I. reading. 

In running stadia traverses the plate is likely to get out of 
level; this will introduce only a slight error in the azimuths but a 
considerable error in the readings of the vertical circle, requiring 
large index corrections. For convenience the plate should be 
releveled, but this should not be done unless precautions are 
taken to prevent introducing additional error into the azimuth. 
This can be accomplished by noting some foresight in line with 
the vertical hair, releveling the instrument and then resetting, 
if necessary, on the foresight by means of the lower tangent 
screw. 

160. Stadia Notes. — To the beginner the taking of good 
stadia notes presents great difficulties. The general instruc- 
tions with regard to transit notes apply equally well to notes for 
stadia surveys. (See Vol. I, Art. 148, p. 112.) A large amount 
of sketching or description of details is required in order to con- 
vey sufficient information to enable the draftsman, who may 



I/O 



THE STADIA METHOD 



[Chap, IV. 



f 


Purvey of Main Sf. 


nS/57. 


Dist 


A3. 1. 




Vert2. 






^ofBAe 


70/ 


CfWBll 


sj/e 


4^30' 






/e 


III 


337' /o' 










/S 


80 


3^'00' 










20 


3S 


l4€'S(f 










Zl 


21 


iia'3o' 










zz 


78 


4O'30' 










23 


100 


S8'2S' 










24- 


92 


/2''4S' 










2S 


1/7 


202'/0' 










2€ 


2IO 


/90'00' 










27 


//6 


I92'33' 










28 


260 


I84'20' 










29 


214 


/S3'/0' 










30 


232 


/ss'/s' 










31 


430 


/7S'0S' 




C of CUKU 


-ajooAMa 


iikiMjulMSt. 


32 


469 


/73'Sf' 










33 


/S7.t_ 


22e^' 




6'30' 






34 


/38.^ 


2S/'00' 




9'30' 






3S 


/29.x. 


28i00' 




8'f 






BAJ3 


SOS.s 


/7r32' 


/m'iw 


6'~ 




















XatBA/3 


S02.i 


o'on B/2 


S43'j£ 


6- 






36 


297.i 


323'30' 




6- 






37 


241 


323'30' 










38 


lOO.t 


306*30' 




7'30' 






39 


93 


220'/0' 










40 


9/ 


zxTjo' 










V^ 


70 


zsioo' 











Fig. 50. Stadia Notxs roK "Flat Topogkafhy." (See page opporite.) 



STADIA NOTES 



171 



^Sepjz/soe. 



Oec/.a^/Veecf/e sW 







3ocAofMHat>-' 
Samam on 




, 1 ^o sT 





Fio. 50. Stadia Notes for " Flat Topography." (See page opposite.) 



1/2 



THE STADIA METHOD 



[Chap. IV. 



f Pre/iminary Survey for H/ghvifay 
y^fesfwoocf fo Unco/n, 


3ra. 


D/st 


Aj,Anff, 


Bear 


YertAng. 


D/ff£/. 


£/ev. 


TkafBZ 


0*0/7 Afa 


\ South, 


BSo/zbR. 


H,t-4,7 




\S2,7\ 


BR 


4Z/ 


222''36' 


N42iE 


'd'43' 


-6.0 


76.7 


fB.M,^ 


S3.^ 


277^od 




-/6''S4 


-/4.8 


72.64 


2 


/S3,t 


274*20' 




-6^4/' 


-18.9 


63.8 


3 


/06 


Z26''30' 




'/^oa' 


-a.i 


80.6 


bP 


4S8 


33^37' 


S24^iE 


^0^/4' 


^ /.3 


84.6 


iRaf-BP 


BSopqt 






H./,^4.7 




\e4$\ 


QT 


4S7 


/SS^37: 


N24''W 


-OVS' 


-2.0 


82.6 


4 


22/ 


JS7V0' 




-r/a' 


-5.0 


79.6 


S 


tot 


tea'^oo 




-2^35' 


-4.6 


80.0 


6 


42 


33400 




'4*Sd 


-3.6 


81.0 


7 


BOB^x 


328''S0' 




on/0.7 


-22..6 


62.8 


a 


/7S 


3/4^/s' 




"/•/a' 


-9.0 


75.6 


3 


20S.I 


230^06 




on 10.7 


-ZI.L 


63.4 


/o 


30 ^^ 


222-/0' 




-a'44' 
on/0.7 


-19.7 


649 


if 


///*^-i 


/74'/0' 




on 7.7 


-20.8 


63.8 


/2 


Ed4.^ 


205^30 




'4''20' 


-zzz 


62.4 


BO 


4/S 


267''24 


S 7ii£ 


i'0''S4 


t-es 


3/.S 


^afBQ 


&So/?BP 






H/-4.S 




\3/A 


BP 


4/S 


/07''24' 


/V72^W 


0^00' 
0/7 //.6 


'7/ 


84,6 


/3 


406 -i 


/66''/0' 




-A'^OO' 


-28.9 


62.8 


14 


25(7.3 


/BS'/S' 




'6^2S' 


-29.0 


62.7 


fS 


/3S .3 


/2e^20' 




-a^so' 

0/7 3.S 


-19.7 


7i.O 


/€ 


27 


246^*00 




o^'oo' 
onS.S 


- 1.0 


90.7 


/7 


/JO.t 


2/s''/S' 




-6*28' 
on /AS 


-24.6 


66.1 


/8 


/S8 ,z 


/76''0d 




-S''46' 
on /OS 


-22.0 


68.7 


19 


206 -z 


/32'*S0' 




-sVs' 


-197 


71.0 


\bR 


4S0->-4S/ 


/60''04' 


A/ao^'w 


'O'^SS' 


-15,2 


76.5 



Fig. 61. Stadia NoTf:s or Topographical Survp:y. (See page opposite.) 



STADIA NOTES 



173 



adcB. Transit A/a /990, 



Sep. /4; fSO? \ BobcocA tk 



roc/ 



MB. (f^c) « IZ, nof mc/uc/e// //? D/sf: Co/um/r. 

A// Azimuths ana. /fefwrriecf fo AUtj/fetk. S as €ifs>yi^/n//feefofpo//jf^. 



dir^ <o£ c^^vo/vvkdbtt. °-*w.^])^^^ 



&. 



CCL/t^ ^OjJ^ o* P. tf?. G. 



l<rumiuJl.'n.&. q>\owrJI d/x-o^ 3L5' i!^ 4q 



% 



utxdLdlSja. fc^ t<r\i o^ Jx^cdLc^j^ 



3o-^ »t A'^o'^DJk^dU.o-^aA 



ico UOA^. 



SovtU, 



o. a^Ja coa* -^eu3^, O/v^A /scxdLdlAA 



'^/vou/wd iJb l' ivLC^fkc/) 



4o to 



ro^o* P 



^. aaxU. P. T.coaA Jjpcu^, OA^ci jftOLdidULp 



3o^oy<xlo^,ic^±>vou^gc» JCto t<y|a o^A^dLc^ 



•• 4. 



G. Ajk.dLa. COLf^ ^oaJ^. «1xcui^?J» to ^. 



v52f 



Ct/XOOA/Vtot ^io^XSA AdbxAAi^fct to 3y M-^K 






O *C>^A 






^]|^A/v%ca/i.«nn »^^torvu» AA^ouii<». c^AOwv^d /^Jo^a^ />t/>.a^iv3r tp 18 




Fig. 61. Stadia Noti:s of Topographical Survey. (See page opposite.) 



174 THE STADIA METHOD [Chap. TV. 

notes it will be seen that the forward and reverse bearings were 
taken as a check on the azimuths of the traverse lines. The 
azimuths of the traverse are recorded to the nearest minute, while 
the side shots were taken to the nearest 5 minutes only, which is 
close enough for most topographic details. All of the azimuths 
in this particular case were measured from the magnetic south, 
but the note-keeper took the precaution to indicate in his notes 
the station used as a backsight (B.S.), so as to aid in correcting 
errors if it is found in the ofhce that the azimuth of any of the 
traverse lines is in error. The magnetic bearings will indicate 
any large error, which should be corrected in the field before it is 
carried forward into any of the subsequent work. At point 11, 
owing to obstructions, the distance had to be obtained by a half- 
interval reading on the rod. Again at Qi? the half -interval 
had to be used, but since this distance was along the traverse 
line each half-interval was read and recorded as shown, instead 
of relying on the middle hair's being exactly halfway between 
the other two hairs. This assumption was allowable, however, 
in the case of the side shot No. 11. 

The notes and descriptions on the right-hand pages of both of 
these sets of notes are essentially the same as for any other 
transit notes and need no special description. 

It is often convenient to have the rodman keep a set of sketches 
and side notes. He, of course, is in the best position to judge 
the slope of the ground and to note many other details. It is a 
good plan for the rodman to keep the same numbers of the shots 
that the note-keeper has, and to record these on his sketch. He 
signals or calls every fifth or every tenth shot to the note-keeper 
in order to be sure that their numbers correspond. The informa- 
tion on the rodman's sketches may afterwards be transferred to 
the note-book or to the map. 

161. METHODS OF REDUCING THE NOTES. — The computa- 
tion of the differences in elevation and of the horizontal correc- 
tions by means of the formulas is so laborious that it is generally 
done by means of a table, diagram, or stadia slide rule. Tables 
are used to some extent in reducing stadia notes, but the work is 
much more rapidly performed by means of diagrams or by a 
stadia slide rule. 
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162. Use of Stadia Tables. — To illustrate the use of Table X 
it is assumed that the following readings have been taken. 



Station 


Observed Rod 
Intervak 


Observed Vert. 
Angle 


Computed 
Diff. El. 


Computed 
Hor. Dist. 


I 
2 

3 


3" 
240 


+ 3" 54' 

- 2S«» 28' 
+ 0- 39' 


+ 21.18 

-35-71 
+ 2.74 


3" 

75 

241 



(/? + c) = 1 .0 foot. 

The rod intervals are recorded here as distances (100 X rod 
interval), which is in accordance with common practice, 
rather than as actual rod intervals. The constant (F + c) 
has not been included in the recorded distances in the above 
example. 

To obtain the difference in elevation for Station i from the 
Table of Vertical Heights (Table X), in the column headed 
3 degrees and opposite 54 minutes, 6.79 feet is found as the diflfer- 
ence in elevation for a i-foot rod interval, i.e., a 100-foot dis- 
tance. By adding (F + c) to the distance 311 the corrected 
distance 312 is obtained. Then 6.79 feet (the diflference for 
ICO feet) multiplied by 3.12 gives 21.18 feet as the difference in 
elevation between the center of the instrument and the point 
on the rod where the middle cross-hair was sighted when taking 
the vertical angle. This multiplication may be performed 
with an ordinary slide rule. Beneath the Table of Vertical 
Heights is given the Table of Horizontal Corrections. The 
horizontal correction for 311 feet and 3 degrees 54 minutes is 
found by interpolating between 3 degrees and 4 degrees and also 
between 300 feet and 400 feet, the result being 1.4 feet. The 
horizontal distance, to the nearest foot, is then 311+ 1 — 1 = 311. 

At Station 2 the difference in elevation is .92 X 38.82 = 35.71. 
The horizontal distance is 91 + i — 17 = 75 feet. At Station 3 
the vertical height for o degrees 39 minutes and for 100 feet is 
taken from the o degree column by interpolation between 38 
and 40 minutes and is 1.14, the difference in elevation for the 
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rod interval 2.40 being 2.74 feet. The horizontal correction is 
only 0.1 and is therefore neglected. Suppose that at Station 3 
the vertical angle + cP 39' had been taken at a point on the 
rod 4 feet below the H.I., the difference in elevation would then 
be + 2.74 + 4.00 = + 6.74. Had the sight been taken on the 
rod 4 feet above the H.I. the difference in elevation would be 
+ 2.74 — 4.00 = — 1.26. 

A convenient way of reducing stadia readings when a table 
of horizontal corrections only is available consists in first sub- 
tracting the correction from the distance read, to obtain the 
horizontal distance, and then computing the difference in ele- 
vation by multiplying the horizontal distance by the natural 
tangent of the vertical angle. The ordinary slide rule may be 
used for this operation. 

In ordinary stadia work the distance is read to only 3 significant 
figures, and since the resulting vertical height can be accurate to 
only 3 figures the ordinary lo-inch slide rule is sufficiently precise 
for these computations. It is not customary to carry the ele- 
vations closer than to the nearest tenth of a foot. 

163. Stadia Reduction Diagrams. — There are several forms 
of stadia diagram, each of which has its special advantages and 
disadvantages. They are. usually designed either for office or 
for field use, the latter being much more compact than the former. 
Some of these diagrams may be obtained through publishers 
but surveyors often construct their own stadia reduction dia- 
grams according to the size and arrangement desired. For 
convenience these are sometimes plotted on cross-section paper, 
but for the best results the entire diagram should be carefully 
constructed to scale. One of the simplest forms of diagram for 
office work is here represented, in order to show the principle 
of construction. 

In Fig. 52 the right-hand portion is a Diagram of Differences 
in Elevation and the left-hand portion is a Diagram of Horizontal 
Corrections. The scale on the lower side of the rectangle repre- 
sents the distances read; on the right-hand side is a scale of 
vertical heights; the sloping lines represent vertical angles. 
On the right-hand vertical line, which corresponds to a distance 
of 1000 feet, vertical heights are plotted. These are obtained 
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by multiplying by 10 the vertical heights from Table X corre- 
sponding to any desired angles, say i degree, 2 degrees, etc. 
These plotted points are joined by straight lines to the center o. 
From the first term in formula [51], p. 157, it will be seen that 
the differences in elevation vary directly as the distances; hence 
it is evident that these inclined lines cut off on any vertical 
line the difference in elevation corresponding to that distance. 
In a similar manner a diagram giving values of the horizontal 
correction may be constructed as shown in Fig. 52. In practice 
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Fig. 62. Stadia Reduction Diagram. 



It would be necessary to draw lines for every 5 minutes or every 
10 minutes of the vertical angle, so that little interpolation would 
be necessary. 
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To obtain the difference in elevation from the diagram, find 
a vertical line corresponding to the distance read and on this 
line note the point where it is crossed by the inclined line corre- 
sponding to the vertical angle. The horizontal line passing 
through this point represents the difference in elevation. The 
usual approximation of first adding the constant {F+ c) to the 
distance is made before taking the vertical height from the dia- 
gram. The horizontal correction is found in a similar manner 
from the Horizontal Correction Diagram. 

164. Stadia Slide Rules. — The most rapid means of reducing 
stadia readings is by the use of a slide rule which has, in addition 
to the ordinary scale of numbers (logarithms of the distances), 
two scales especially constructed for stadia work, one consisting 
of values of log cos' a and the other of log ^ sin 2 a for different 
values of a. On some rules the values of a range from o9 34' to 
45°, on others from 0° 03' to 45°. In some forms the horizontal 
distance is read directly; in others the horizontal correction 
I — cos' a, or sin' a, is given. A lo-inch slide rule gives results 
sufficiently accurate for all ordinary purposes. 

Fig. 53 represents the face of a stadia slide rule manufactured 
by Kern & Co., Aarau, Switzerland, which is very compact and 
convenient for stadia reductions.* The log distances are marked 
on the rule ; the log ^ sin 2 a is on the slide and is marked with 
the degrees of the vertical angle a; on the rtumer is a scale of 
log cos' a, which is used in obtaining the horizontal distances. 
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Fig. 63. The Kern Stadia Slide Rule. 

In Fig. 53 the rule is set for an observed distance of 210 feet 
and a vertical angle of 6 degrees. The difference in elevation 
is read opposite the star at the end of the slide, the reading being 

* These rules are made for a circumference divided into 360 degrees or into 
400 degrees, as desired. 
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21.8. There are three stars on the slide, any one of which will 
give the true reading provided this star is not off the end of the 
rule. On the runner the o° mark is set opposite 210 on the rule, 
and under the 6° mark on the nmner is found the reduced 
horizontal distance, 208. On the runner is a little projection the 
edge of which is opposite the zero-point of the runner scale. 
When this index is set at the proper distance reading, the zero of 
the horizontal scale is then in the correct position. It will be 
noticed that the scale on the slide is arranged so as to increase 
from right to left, which is contrary to the usual arrangement of 
a slide rule. On the lower side of the Kern rule is a scale (not 
shown) giving curvature and refraction corrections in metric 
units. 

There are several other types of stadia slide rule in common 
use. The one invented by Mr. B. H. Colby, of St. Louis, is so 
arranged that differences in elevation can be found in the same 
unit as that used in reading the distance, or in a different unit, 
according to which index point is used. This is convenient 
where distances are taken in meters and elevations are expressed 
in feet, as is done on some topographic surveys. 

The sUde rule designed by Mr. G. H. Matthes and used on 
the U.S. Geological Survey is similar to the Kern rule described 
above, but contains also a scale of log tangents, a scale of 
curvature corrections in feet, and a scale of distances expressed 
in miles. The scale of vertical angles on this rule extends 
to o^ 03'. 

The slide rule designed by Mr. W. L. Webb is cylindrical in 
form and differs from the others in that it gives horizontal correc- 
tions instead of horizontal distances. 

The most convenient means of reducing stadia notes is to use 
a stadia slide rule for differences in elevation and a condensed 
table like that given on p. 180 for horizontal corrections. If 
desired, such a table can be made in the form of a small blue- 
print and carried into the field. In Table 4 it will be found 
that for long distances and large vertical angles the interpolation 
will not always give the correction to the nearest foot. These 
errors of interpolation are, however, always small as compared 
with the errors in the observed distances. 
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165. Methods of PLorrmG Stadla Notes. — Stadia notes 
are usually plotted by means of a circular protractor and a scale. 
If the main traverse is a transit and tape survey, or if the scale of 
the map is such that a protractor would not be sufficiently accu- 
rate, the traverse may be plotted by some more accurate method 
and the side shots put in afterwards by the protractor and scale. 
In general, however, any measurements taken by stadia may be 
plotted with sufficient accuracy by means of the protractor. 
(See Vol. I, Chap. XV, for methods of plotting traverses.) 

In setting the protractor in position for plotting it should be 
centered with care and turned to the proper azimuth as defined by 
a 0° line drawn through the point and extending each way beyond 
the circumference of the protractor. It is not safe to trust to a 
line extending only one way, because the center of a protractor 
is usually marked in such a way that it is difficult to place it 
exactly over the transit point on the plan. Many protractors 
which are accurately graduated have the center point carelessly 
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marked. The most accurate way to use a protractor is to draw 
two lines at right angles to each other, one of them being the 
meridian or reference line. These lines may be drawn at right 
angles as explained in Vol. I, Art. 451, p. 402. The protractor 
is then arierUed, i.e., turned in the proper direction by means of 
the cardinal points on the circumference of the circle, without 
regard to the position of the center mark on the protractor. 

The usual process is to place the protractor in position and 
plot all of the azimuths first, marking each by a light dot or a 
short radial line in the proper azimuth and writing opposite the 
mark the number of the shot. This work can be conveniently 
done by two persons, one reading the azimuths and the numbers 
while the other plots the angles. When all of the azimuths have 
been plotted the protractor is removed and the distances are 
scaled ofiF, the proper elevation being written opposite each point. 
Sometimes the plotted position of the point is indicated by a dot 
enclosed by a small circle, the height being written at one side. 
Another way, which is convenient when the plotted points are 
close together, is to write the whole number of feet of the elevation 
to the left of the point and the tenths to the right, the plotted 
point itself serving as the decimal point. 

If many points are to be located from one transit station a 
convenient arrangement for the plotting is as follows. Take a 
paper protractor of 10 or 12 inches diameter and cut out the 
central portion as shown in Fig. 54. The protractor must be 
placed in position by means of two long lines at right angles 
to each other, since the center of the circle is not available. 
To the zero end of an engineer's scale attach a small piece of 
metal bent so as to hold to the under side of the scale as shown 
in Fig. 54. Bore a small hole in the metal at the front edge of 
the scale. The metal piece is to be slid along until this hole is 
opposite the zero point of the scale. This may be most accu- 
rately done by first laying off on the map some convenient 
distance from the plotted position of the transit point, the 
metal piece being off the scale. Then replace the metal piece 
on the scale, center the hole over the transit point, and insert 
a small needle. The scale is slid along through the metal until 
it reads this distance which was laid off. The metal piece 
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Fig. 64. Protractor por Plotting Stadia Notes. 
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should fit tightly enough so that the scale cannot readily slip 
through it. The edge of scale will then be on a radial line, its 
zero point being at the center. The position of the zero point 
of the scale should be tested occasionally by re-scaling the dis- 
tance first laid off. The edge of the scale should be tested to 
see that it is straight. In plotting a point the scale is turned to 
read the proper azimuth, and the point is then marked by press- 
ing a needle point into the paper or by making a pencil dot at 
the prop)er reading on tlie scale. By this method no time is 
wasted in marking azimuths and in placing and removing the 
scale, both of which are required by the previous process. If 
only a few shots are to be taken from one transit point this 
method is not so rapid as the former, as it takes longer to set 
the protractor in position before plotting. Protractors are manu- 
factured the general arrangement of which is similar to the one 
just described, the scale being pivoted at its zero point, which is 
at the center of an annular protractor. 

166. ** STEPPING" METHOD. — When the vertical angle is 
small, as it usually is on long distances, many approximate 
methods may safely be used to economize time in the field or to 
avoid calculation. The following method of finding differences 
in elevation has been practiced by the U. S . Geological Survey, 
especially in connection with the plane table, where it is neces- 
sary to make the calculations at once in order to utilize the 
results in the sketching. In this method it is assumed that 
varying the vertical angle has no appreciable effect on the length 
of the intercepted space on the rod; in other words, that if the 
rod were lengthened out until a level sight could be taken upon 
it, the same stadia interval would be read near the top of the rod 
as near the bottom, which is nearly true for small angles. 

In determining the difference in elevation by this method 
the observer first reads the distance as usual on the rod; he then 
levels the telescope, which of course brings the middle horizontal 
cross-hair on the true horizon. Then, if the rod is below the 
instrument, he notes a point in the landscape which is covered 
by the lower stadia hair. The upper hair is next set on this 
point and a new point noted in line with the lower hair. The 
process is continued until the rod is reached. If the middle 
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hair is somewhere on the rod then a whole number of spaces 
has been stepped off between the level line through the transit 
and the point on the rod where the middle hair strikes. Suppose 
that the rod interval is 5.00 feet (i.e., dist. = 500 feet + (F+ c)), 
and that 4 stadia intervals have been stepped off, bringing the 
middle hair to 9.10 on the rod. Then the foot of the rod is 
5.00 X 4 + 9.10 = 29.10 feet below the center of the instru- 
ment. If the middle cross-hair is not on the rod one of the 
stadia hairs must strike the rod, and it is only necessary to allow 
for half an interval in addition to the whole number stepped off 
in order to obtain the result. 

167. BEAMAN'S Stadia arc. — Another method of simplify- 
ing the calculation of elevations in the field consists in using only 
those vertical angles for which the differences in elevation are 
simple multiples of the rod interval, i.e., the angles for which the 
function i sin 2 a is a simple multiple (see equation [si], p. 157). 
These angles for multiples i to 20 are given in Table 5. The 
rod interval is first read as usual; the vertical angle is then exam- 
ined and the telescope inclined until the vernier reads the nearest 
angle given in the table, and the corresponding reading of the 
middle cross-hair is noted. 



TABLE 5. — VERTICAL ANGLES FOR WHICH THE DIFFERENCE IN 
ELEVATION IS A SIMPLE MULTIPLE OF THE ROD INTERVAL. 
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The intercept on the rod multiplied by the corresponding 
number in Table 5 gives the difference in elevation between the 
center of the instrument and the point where the middle cross- 
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hair strikes the rod. Combining the rod-reading of the horizontal 
cross-hair with the difiFerence in elevation just computed gives 
at once the difference in elevation between the center of the 
instrument and the point where the rod is held. It should be 
noted that in this method the differences in elevation are computed 
with reference to the center of the instrument and not to the 
point on the ground under the instrument. 

The above principle is made use of in a very simple and ingen- 
ious device which may be attached to the vertical arc of a transit 
or to the alidade of a plane table. This attachment (Fig. 55) is 




Fig. 56. The Beaman Stadia Arc Attachment. 

known as the Beaman Stadia Arc and was invented by Mr. 
William M. Beaman, Topographic Inspector, United States Geo- 
logical Survey. On the attached arc are graduations which corre- 
spond to the vertical angles for which the multiples are given in 
Table 5. The zero graduation of this arc is marked 50 instead 
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of o, and consequently to obtain the multiple 50 must be sub- 
tracted from the reading. The advantage of this numbering of the 
graduations is that the direct reading of the arc will show whether 
the angle is plus or minus. In using an instrument provided 
with this attachment the observer reads the distance, turns the 
tangent screw of the telescope until the index line is opposite 
some line on the attached arc, and then notes the rod-reading of 
the middle cross-hair. The number of the graduation on the 
arc and the observed rod-reading are recorded in the note-book. 
The difference of elevation between the center of the instrument 
and the reading of the horizontal cross-hair on the rod is then 
computed by multiplying the rod interval by the reading of the 
arc minus 50. The elevation of the point on the ground will be 
equal to the elevation of the center of the instrument plus or 
minus the calculated difference minus the rod-reading. For 
example, by referring to Fig. 55 it will be seen that the stadia 
arc is set on 37, which corresponds to a multiple of — 13. Sup- 
pose that the rod interval is 2.50 feet, that the rod-reading is 
7.8 feet, and that the elevation of the center of the instrument is 
207.4 feet, the elevation of the foot of the rod is then 207.4 — 13 
X 2.5 — 7.8 = 167. 1 feet. It is evident that the elevation can 
be obtained by this method with very little calculation. Careful 
attention must be paid to the index correction either by leveling 
the telescope and setting the index at 50 before taking the readings 
or else by means of the vernier level described in Art. 144, p. 148. 

On the same arc is a scale for applying the horizontal correction. 
These graduations give the ratio of the horizontal correction to 
the distance read, expressed as a percentage. For example, in 
Fig. 55 the index is opposite the second line, showing that the 
horizontal correction is 2 per cent of the distance. 

168. Stadia Leveling. — In hilly country it is often more 
economical, and quite accurate enough for topographical purposes, 
to run levels by the stadia method rather than by direct leveling. 
Leveling by stadia is similar to ordinary leveling, excepting that 
instead of obtaining the difference in elevation by means of 
two level rod-readings it is obtained by a combination of two 
stadia distances and two vertical angles taken to the rod when 
held on the two stations whose difference in elevation is desired. 
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In stadia leveling the position of the instrument is chosen, as 
in ordinary leveling, with reference to the distance to the back- 
sight and to the foresight points, because any error in the adjust- 
ments of the line of sight, or the level bubble, will be eliminated 
just as in ordinary leveling. But since the precision of stadia 
leveling never can equal that of direct leveling the matter of 
equalizing the aggregate of the foresights and backsights is not 
of quite so much importance in the former as it is in the latter. 

In stadia leveling the transit is set up at a convenient place 
(preferably not over 400 to 500 feet from the bench mark) and 
the stadia distance is read. The middle cross-hair is then made 
to coincide with the nearest foot-mark on the rod, and the vertical 
angle is read and recorded together with the rod-reading of the 
middle cross-hair. The index error of the vertical arc is then 
obtained and recorded, provided it has not already been eliminated 
by use of the vernier level. The rod is then carried to the T.P., 
the stadia distance measured, and, if possible, the vertical angle 
taken on the same foot-mark on the rod as was used at the previous 
point. If it is not possible to sight on the same foot-mark some 
other point on the rod is sighted and the proper record of it made 
in the note-book. 

By the use of stadia tables the difference in elevation between 
the point sighted on the rod and the center of the instrument can 
be calculated for both the foresight and the backsight readings. 
Neither the diagrams nor slide-rules give close enough results 
for the better class of this work. The constant (F+c) should 
not be neglected in the computation. For small vertical angles 
suflSciently accurate results are obtained if (F+c) is added to 
the distance read. (Art. 150, p. 157.) A combination of these 
two differences in elevation will give the difference in elevation 
between the B.M. and T.P. if the two readings of the middle 
cross-hair were the same. If it was found necessary when taking 
the T.P. rod-reading to use a different foot-mark from that used 
on the B.M. the difference in rod-reading should be applied as a 
correction to the difference in elevation. The line of levels is 
carried along as in ordinary leveling, B.M.'s being established 
as frequently as desired. 

Stadia levels can be run with an accuracy of about 0.5 feet per 



1 88 



THE STADIA METHOD 



[Chap. IV. 



mile, which represents the best that can be expected in such work. 
While the errors of a single reading are large, it is only on account 
of the compensation of errors that the above accuracy can be 
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Fig. 56. Notes of Rough Stadia Traverse. (See page opposite.) 

reached. This degree of accuracy applies to work where the 
vertical angles do not exceed about 3 degrees. As the vertical 
angles increase the accuracy decreases rapidly. 
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169, Stadia for Rough Surveys. — If a rapid survey of 
inferior accuracy is required the reading of the compass needle 
may be substituted for the azimuth reading. In this case only 
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Fig. 66. Notes of Rough Stadia Traverse. (See page opposite.) 

the alternate stations need be occupied with the transit, the back 
bearing and distance being used to locate the instrument point 
from the preceding point, as illustrated in the notes of Fig. 56. 
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In this way levels may be carried with the usual accuracy, but the 
accuracy of the horizontal location is no greater than that of com- 
pass surveying. Such traverses are subject to considerable error 
in any place where the magnetic needle is affected by local 
attraction. 

170. Stadia for Precise Work. — By taking special pre- 
cautions it is possible to do extremely accurate work with the 
stadia. If measurements need to be taken across ravines, can- 
yons, etc., where chaining would be practically impossible and 
triangulation would be slow, the stadia may be used very success- 
fully. Instead of using the ordinary self-reading rod two targets 
of the " bisection " pattern are fastened to the back of a rod. 
The upper target is fixed and the lower one movable. In meas- 
uring a distance the upper stadia hair is set on the upper target 
and the lower target is moved by the rodman until it is opposite 
the lower stadia hair. The distance between the targets is then 
measured with a steel tape. By taking several measurements in 
this manner a precision of y^W, or sometimes greater, can be 
reached. Special attection should be paid to the corrections and 
to all approximations ordinarily made in stadia work. The stadia 

interval (constant — j should be carefully determined by several 

observations taken under the same atmospheric conditions as those 
existing when the measurements are taken. If possible such 
measurements should be made with the instrument protected 
from the sun and the targets well illuminated by the sunlight. If 
the line of sight passes close to the ground the refraction may 
make great precision impossible, but fortunately this method is 
most applicable to ra\nncs where there is the least trouble from 
this source. In order to obtain the greatest accuracy it is neces- 
sary to pay especial attention to plumbing the rod and to brac- 
ing it so that it will remain steady. 



CHAPTER V. 

THB FZiANB-TABIiE METHOD. 

171. The Plane-TabLE Method.* — The plane table is an 
instrument by means of which points are located in the field 
directly on the map by graphical methods, the map being 
fastened to a table top supported by a tripod, from which the 
instrument derives its name. 

From a mathematical standpoint the plane table is by no 
means an exact instrument, for there are theoretical errors intro- 
duced by the method of using the table; but from the topographer's 
standpoint it is a most useful instrument. The accuracy of a 
map is usually limited by the accuracy of the plotting rather 
than by that of the field measurements, hence if points can 
be located with the plane table as accurately as distances can be 
scaled from the map this method is well adapted to topographic 
work. Furthermore the method of plotting which is used with the 
plane table is superior to most of those used in the office. All 
of the errors due to defects in the methods used in plane-table 
work become inappreciable on small scale maps. The method 
is adapted to large scale maps also, provided special precautions 
are taken to insure accuracy. Since, however, in this work the 
map must be taken into the field and consequently exposed to 
the weather it is also necessary to take special care to prevent 
the map from becoming so distorted that its accuracy is lost, 
and if such precautions are not taken the resulting map may be 
seriously in error. 

The plane table is the only surveying instrument admitting of 
a rapid solution of the Three-point Problem in the field; this 
makes it practicable to locate stations independently of each other 
so that errors cannot accumulate as they do in traversing. 

The most important advantage of the plane-table method over 

♦ See U. S. Coast Survey Report for 1905, "A Treatise on the Plane Table," 
by D. B. Wainwrigfat. 

191 
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Other topographic methods, however, is that all of the sketching 
is done in the field, where the topographer can see the form of the 
ground that he is mapping. He can sketch details at once in their 
proper position, without burdening his memory and without 
making elaborate notes. For this reason the details may be 
accurately sketched from a much smaller number of located 
points than would be required, for instance, by the transit and 
stadia method. Furthermore no time need be spent in taking 
unnecessary data, since the topographer can decide at once what 
points are needed. Every topographic map consists of a sketch 
controlled by a number of accurately located points. The 
greater the number of such points the greater the accuracy of 
the map and also the greater the cost. When the details can be 
sketched in the field and all points can be taken in the positions 
where they are most needed the map will evidently require a 
smaller number of points than where the sketch is made up from 
descriptions or from fragmentary sketches in a note-book. 

The plane-table method has the disadvantage, however, of 
requiring more time for the fieldwork than other methods, and 
it is also more dependent upon favorable weather than a 
method where the map is not exposed. But taking into account 
both the field and office work the plane table will prove to be 
more economical than the transit and stadia for work in open 
country, and at the same time the results obtained will be suffi- 
ciently accurate for most topographic work. The plane table 
cannot be used to good advantage in heavily wooded country, 
since the amount of topography visible from any one point is 
so limited that very little; sketching can be done at one set-up. 

The impression is quite general that the plane table can be 
properly used only on topographic work where the map is on a 
small scale. Its use, however, need not be so restricted. In sur- 
veying wharves and docks and in locating buildings the Harbor 
and Land Commission of Massachusetts have used the plane 
table more than any other instrument. Where a plan on a large 
scale is required showing much detail, as for example the plan 
of a cemetery or survey of the grounds of a public institution, 
the plane-table method will frequently prove to be more econom- 
ical than the common methods of stadia or tape surveying. 
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172, The Instruments. — The plane table itself consists of a 
board usually about 24" X 30'' mounted on a tripod. In the most 
elaborate instruments the table is provided with three leveling 
screws and with a clamp and a slow-motion screw as in Fig. 57. 
While this makes it possible to level the table exactly and to 




Fig. 67. The Plane Table. 



turn it accurately in any desired direction, it has the disadvan- 
tage of adding weight to the outfit. A lighter form of tripod, 




Fig. 58. Johnson Plane-Table Head. 

devised by Mr. W. D. Johnson of the U. S. Geological Survey, 
is shown in Fig. 58. The motions for leveling and for turning 
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horizontally are combined in a very compact form. Although 
this arrangement is not so delicate as the former it answers the 
ordinary requirements of plane-table work. The upper clamp A 
controls the leveling of the table and the lower clamp B con- 
trols the azimuth motion. When the instrument is to be set up 
both clamps are loosened. The table is brought into a level 
position and the clamp A tightened. This forces the level-cup c 
against the tripod head d, the friction holding it in this position. 
The table is then turned to the desired azimuth and the azimuth 
clamp B tightened, which forces the azimuth cup e against the 
tripod head d, thus preventing the table from turning in 
azimuth. The nut B acts as a check-nut on ^4. In small plane 
tables intended only for rough work the leveling arrangement is 
omitted entirely and the weight thus reduced to a minimum. 
With these tables the leveling is done by moving the tripod legs. 

173. Alidade.* — The instrumental part of the outfit, called 
the alidade^ consists essentially of a telescope mounted on a 
horiontal axis resting in wye supports Uke a transit, these wyes 
being connected with a metal column which is rigidly attached to 
a metal base. The base is a flat piece of brass or aluminum, 
usually about 18 inches long, having both edges made perfectly 
straight and parallel to the plane of motion of the telescope. In 
some alidades a portion of the base is cut away so that there is 
also a straight-edge directly under the line of sight. The base 
carries two spirit levels at right angles to each other for leveling 
the table. 

The telescope has a vertical motion like that of the transit, 
but it is limited to about a 30° angle of elevation or depression. 
The telescope has no horizontal motion like a transit, but the 
whole alidade can be moved about on top of the plane table. 
The telescope is usually made so that it can be rotated about its 
own axis as in a wye level, so that the cross-hair adjustment 
can be tested. The instrument is provided with a striding level 
for leveling the telescope when determining the index correction 
or when using the alidade for direct leveling. Some instruments 
have the vernier of the vertical arc mounted on an arm which 

* While this term properly applies to the upper motion of surveying instruments 
like the transit, it is applied chiefly to the instrument used with the plane table. 
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carries a level and is moved independently of the telescope by 
means of a tangent screw. (see Fig. 57), so that the index cor- 
rection may be reduced to zero before a vertical angle is read. 
(See Vol. I, Art. 67, p. 54. This attachment can be used much 
more rapidly than the striding level, and there is no danger of 
applying the index correction the wrong way. The index cor- 
rection is of unusual importance on a plane table, since on 
account of the flexibility of the table and the weight of the 
alidade this correction is often large and is quite variable* 
especially when the alidade must be placed near the edge of the 
board. The telescope of the alidade should be of fairly high 
power ^and should be provided with the ordinary horizontal and 
vertical cross-hairs and with stadia hairs as in the transit. In 
the alidades used by the U. S. Coast Survey the diaphragms 
consist of lines ruled on glass instead of spider threads; and 
besides the three usual horizontal lines other stadia lines are 
ruled, enabling the topographer to read one-fourth or one-eighth 
of the whole stadia interval when long shots are to be taken. 

174. Accessories to the Plane Table, — When a plane 

table is to be used for large scale maps it is sometimes provided 
with a device for plumbing over the station point. It is seldom 
necessary to use such an attachment, however, as on even the 
largest scale maps the table can be set over the point by sighting 
in with an ordinary plumb-line. A small accessory to the plane 
table which is often useful is the declinatoirej an oblong box 
carrying a magnetic needle. The long edges of the box are 
made parallel to the line through the 0° points of the graduated 
arcs at the ends of the box. This is used in turning the table 
approximately into position with reference to the magnetic 
meridian as explained in Art. 185, p. iqq. 

The plane-table sheet is fastened to the table by means of 
U-shaped metal clamps. In using large sheets the width of the 
sheet is made equal to the length of the board, and the ends of the 
map are rolled under the sides of the table and held in place by 
the metal clamps. Some tables have thumb screws placed at 
intervals along the edge of the board so that the paper can be 
held in place by passing the screws through holes in the paper. 
The surface of the board around the screw hole is countersunk so 
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that the screw head will not project above the surface of the 
paper and thus interfere with the movement of the alidade. 

For locating topographic details the stadia method is generally 
used in connection with the plane table, and since the readings 
must be reduced in the field it is convenient to use the stadia 
slide rule for this purpose (Art. 164, p. 178). It is important in 
this work to keep the weight of the outfit as light as possible, and 
consequently large diagrams or stadia tables ordinarily used in 
the office are not convenient for use on plane-table work. For 
reducing stadia readings in the field the topographers of the 
U. S. Coast Survey use a special form of slide rule called the 
hypsograph* It is circular in form and the scales are so 
arranged as to give heights in feet when the distance is taken in 
meters. 

175. Stadia Rods for Plaive Tables. — The same kinds of 
stadia rod are used with the plane table as with the transit. (See 
description of the common forms of rod, Art. 145, p. 149). On 
the U. S. Coast Survey it is customary to graduate a special rod 
for each instrument. The graduations are determined in the 
following manner. The alidade is mounted on a stand at one 
end of a 100-meter base and a rod with two targets is placed at 
the other end of the base. One stadia hair is set on one of the 
targets and the other target is moved until the other stadia hair 
bisects it. The interval between the targets is measured and 
laid off on the stadia rod. This space is then subdivided and the 
same spacing used in graduating the remainder of the rod. 
Hence it will be seen that for this rod at a distance of just 100 
meters there will be no correction for (F+c). At all other 
distances there will be a small error introduced unless a cor- 
rection is applied, but this error will not ordinarily be large 
enough to affect the results of topographic work on small scale 
maps. 

176. Adjustments of the Alidade. — The following 
adjustments should be tested occasionally and should be corrected 
if found in error. Small errors in the adjustment of the alidade 

* For a complete description of this instrument see U. S. Coast Survey Report 
for 1902, Appendix 4. 
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have an inappreciable effect on the accuracy of the plane-table 
sheet and it is therefore unnecessary to make these adjustments 
with the same refinement as would be done in a transit. 

177. Testing the Straight-Edge. — The edges of the base, or 
rule of the alidade, should be straight. This may be tested by 
drawing a fine pencil line the full length of one edge, and then 
reversing the alidade end-for-fend and placing the same edge 
again on the line. The edge should coincide with the line 
throughout its length. It should be made true if found to be 
seriously in error. 

178. Adjusting the Levels. — The levels attached to the base 
may be tested by the usual method of reversing each level end- 
for-end. This may be done either on the table-top or, better, 
upon some more solid foundation where a level surface can be 
obtained. If this test is made on the plane table itself the alidade 
should be reversed by lifting it from the table and turning it end 
for end and placing it exactly on the same line, not by turning 
the table itself upon the vertical axis. The adjustment is made 
by bringing each bubble half-way back to the central position by 
means of its adjustment screw. 

179. Adjustment of the Striding Level. — If the telescope is 
provided with a striding level the bubble is adjusted by placing 
the striding level on the rings on the telescope and bringing the 
bubble to the middle of the tube by means of the vertical tangent 
screw. The striding level is then turned end for end and placed 
again on the rings. If the bubble moves from the central position 
it is moved half-way back by means of the adjusting screw. 

180. Adjustment of the Vernier Level. — If the instrument is 
provided with a vernier level this may be adjusted by first leveling 
the telescope by means of the striding level, turning the vernier 
to read zero, and then centering the vernier bubble by means of 
its adjusting screw. If there is no striding level the vernier 
level must be tested by the Peg Method (Vol. I, Art. 128, p. 91). 
After the level line has been established by the Peg Method the 
telescope is sighted along this line, the vernier is set at 0°, and 
the bubble brought to the center by means of the adjusting screw. 

181. Testing the Line of Sight. — Since the telescope in most 
alidades is leveled by means of a striding level resting on two 
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rings of the telescope tube it is important that the line of sight 
should be parallel to the axis of the rings. This adjustment is 
tested by rotating the telescope about its own axis in the collar 
which supports it, the test being made precisely as with a wye 
level (see Vol. I, Art. 121, p. 89). If a vernier level only is used 
this adjustment is not necessary. 
182. Locating Ponrrs by Intersection. — In order to begin 

a survey with a plane table it will in general be necessary to 
have on the map two plotted points corresponding to two points 
on the ground, the distance between which is known and at 
least one of which can be occupied with the plane table. The 
simplest method of locating points by means of the plane table 
without measuring any distance is as follows. The base-line ab 
is plotted on the plane^able sheet, representing, to some scale, 
the measured base AB. In Fig. 59 A and B represent the ends 

AC 





Fig. 69. Intersection Method. 



of the base on the ground, and the rectangles drawn around 
these two points represent the plane table. The table is set 
over one end of the base-line so that a on the map is vertically 
above A on the ground and the table is leveled; then one edge of 
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the alidade is placed along the base-line ab drawn on the map, 
the table is turned until the telescope sights the signal 5, and the 
horizontal motion clamped. The line ab is now parallel to ^J5 
and the table is said to be oriented. The alidade is placed so that 
the straight-edge passes through a, the telescope is sighted to 
some signal C, and an indefinite line drawn toward C. The 
point c on the map (representing C) is somewhere on this line. 
If the table is now moved to B {b being vertically over B) and 
the process of orienting the table and sighting toward C is repeated, 
the point c is located on another indefinite line through*; hence 
it is at the intersection of these two lines ac and be. The triangle 
ctbc is similar to the triangle ABC and each line on the map is 
parallel to the corresponding line on the ground. In a similar 
manner any number of points may be located. This is called 
the method of intersection. 

183. LOCATING POINTS BY DIRECTION AND DISTANCE. —The 
simplest way of locating points by the plane table is by obtaining 
the direction with the alidade and measuring the distance by 
stadia or, in special cases, by means of the tape. This is the 
method most commonly used for filling in the details of a plane- 
table survey after the table has been oriented. 

184. TRIANGULATION FOR CONTROL OF PLANE-TABLE 
Work. — In extensive surveys the accuracy of the map is 
usually controlled by a system of triangulation. The com- 
puted positions of the triangulation points are plotted on the 
plane-table sheet and the details of the map are put in by 
graphical triangulation and by stadia measurements. 

In laying out plane-table sheets care should be taken that 
there is a sufficient number of well-determined triangulation 
points on the sheet and that these are intervisible; also that their 
positions are such that they will be of the greatest value in filling 
in the topography. 

If plane-table work is being done on large scale maps the 
control may consist of either a transit and tape traverse or a 
system of triangulation like that described in Arts. 54 and 152, 
pp. 55 and 159. 

185. Graphical Triangulation. — The first operation in 
beginning the fieldwork is to establish, by intersection, a number 
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of points which will later on serve as plane-table stations when 
filling in topography. The plane table is set up at some plotted 
triangulation point and oriented by sighting at some other 
signal which has been plotted on the sheet, the line between these 
stations serving as a base-line. In order to be certain that the 
plotting is correct and also to obser\-e whether the paper has 
become distorted since the points were plotted, other points 
represented on the sheet should be sighted ; the rule of the alidade 
should always pass through the plotted position of the station 
occupied by the table. If the alidade has a straight-edge placed 
vertically beneath the telescope this should be used when the scale 
of the map is very large. 

After the orientation has been satisfactorily checked, lines 
should be drawn to all conspicuous objects which are likely 
to be useful as signals in the later work. It is a poor plan to 
begin a plane-table survey before a sufficient number of points 
has been determined, and although unnecessary points should 
not be located it is far better to have too many than too few. 
Some of these points will be cupolas or church spires, flag-poles, 
etc., which cannot be occupied with the plane table, while others 
will be temporary signals erected at points which will subse- 
quently be used as plane-table stations. For drawing these 
intersection lines the pencil should be kept sharp and should 
be held at the same inclination the whole length of the line. 
After all such points have been sighted the table may be taken 
to another triangulation point and lines drawn in a similar manner, 
intersecting those already drawn, thus locating the signals. In 
this graphical triangulation it is important that the point should 
be located by good intersections. As it is difficult to judge from 
the first station whether the lines from other stations will give 
good intersections it will be well to sight all points which will 
probably be of use as signals, although it will often be found 
that some of the points sighted from the first station are wholly 
invisible from other stations. Wherever it is possible the located 
points should be checked by additional intersection lines, even 
if the intersections in this case are not favorable. The impor- 
tance of such checks can hardly be overestimated, since the 
topography of a large area may depend wholly upon one or two 
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such intersection points and a mistake in the position of one of 
ihem may necessitate repeating a large amount of work. In 
"cutting in" these points great care should be taken not to 
disturb the table, and the orientation should be occasionally 
checked by sighting again on the base-line; this check should 
always be made in any case just before leaving the station. On 
account of the expansion or contraction of the paper, which it is 
difficult to allow for, it is important that all of this graphical 
triangulation should be done before proceeding to put in any of 
the details. 

Every plotted point should be marked by a small needle hole 
and carefully preserved. The intersection lines should be inter- 
rupted so as not to be drawn through the station point occupied 
by the table, as the exact position of the latter would soon be 
covered up and lost. It is important that these lines should be 
determined by the full length of the alidade rule; the direction 
can be fixed by drawing a short line near each end of the rule, 
so that when these lines are again used for orienting the table 
the orientation may be as accurate as possible. 

While the plane table is at a triangulation station and the 
orientation is known to be correct it is well to place the declinatoire 
on the table and draw a pencil line along the edge of the box to 
represent the magnetic meridian. This will prove to be of great 
use in the later work. It is advisable to repeat this operation at 
different triangulation stations in order to detect any local attrac- 
tion or changes in the magnetic declination. 

Points located by intersection may be occupied with the plane 
table and used like any triangulation points. When such a point 
is occupied the table should be oriented by sighting on one of 
the triangulation points from which this one was located and 
its plotted position checked by sighting on other triangulation 
points. 

i86. It is frequently necessary to carry the plane-table work 
beyond the limits of the triangulation system. In this case the 
controlling points may be located wholly by graphical triangu- 
lation; and with care in the orientation and pomting and with 
attention to good intersections the final results may be made nearly 
as accurate as when the points are located by the original triangu- 
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lalion, provided the survey is not carried far from the original 
base. 

187. Locating Points by Resection. — it sometimes hap- 
pens that it is desired to locate a plane-table station from a base 
only one end of which can be occupied with the table. In such 
a case we may proceed as foUow^s. In Fig. 60 A and B represent 
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Fir,. 60. Resecttom Method. 



the points on the ground at the ends of the base-line, C is the 
signal which is to be located, and ab represents the base-line 
plotted on the plane-table sheet. Set up at ^4, the end of the 
base which is accessible, and orient the table. Then, centering * 
the alidade on a, draw an indefinite line toward C as for inter- 
section. This line should be drawn the full length of the alidade. 
The table is then taken to C and oriented by means of the 
indefinite line just drawn. Since the position of c, on the indefi- 
nite line, is not known it is necessary to estimate its position and 

♦ By centering the alidade is meant placing it so that some part of the straight- 
edge passes through the plotted point. Unless the scale of the map is very large 
the flraight-edge used is the one at the side of the base and is not the one exactly 
under the telescope. This error, however, is usually negligible. 
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to use this point in placing the table over the point C. If the 
alidade is now centered on b and sighted toward 5, a resection 
line may be drawn, and this line will cut the first indefinite line, 
thus locating the point c desired. Thus without going to station B 
the same line has been drawn on the map that would have been 
obtained by an intersection from B, 

It is evident that this method may be advantageous even if B 
could be occupied, for the point C has been located without 
taking the time required to go to station B. The position of c 
found by this method should be checked if possible by resection 
lines from other points whose positions are known to be correct. 

i88. Thb Three-Point Problem. — One of the great advan- 
tages of the plane table is that it may be set up at any place where 
three triangulation points (plotted on the sheet) can be seen and 
the position of this plane-table station located on the sheet 
simply by observations from this point. By this method each 
plane-table point is located from the triangulation stations inde- 
pendently of the other plane-table points, which gives it a great 
advantage over traversing, where each point is located from the 
preceding station. The position of the plane table is found by 
means of the so-called Three-point Problem, which, in this case, 
is an application of the principle of resection. 

The Three-point Problem may be solved by trigonometry as 
shown in Art. 49, p. 47; mechanically, by the three-arm pro- 
tractor (Art. 279, p. 307); or by geometry (graphically), which 
is the method chiefly used in plane-table surveying (see also Art. 

279> P- 307)- 

The two graphical solutions chiefly used in plane-table sur- 
veying are known as (i) Lehmann^s method, or the Triangle-of- 
Error method; and (2) BesseVs method of the Inscribed Quadri- 
lateral. The former is a trial method, but it is the more rapid 
of the two for ordinary work and is used far more in practice 
than the latter method. BessePs method gives an exact solution 
and consequently requires less experience than the former. It 
has the disadvantage, however, that in certain positions of the 
signals a part of the required geometric construction falls outside 
the limits of the plane-table sheet, in which case the solution is 
not practicable. 
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189. Lehmann's Method. — If three signals A, B, and C 
(Fig. 61 ) have their plotted positions at a, b, and c, and if the table 
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Fig. 61. Three-point Problem. 

be set up at D and oriented correctly, the resection lines drawn 
from a, b, and c will all pass through d, the plotted position of D. 
Since there is no means of accurately orienting the table, the 
position of d being unknown at the start, the table must be 




Fig. 62. Triangle op Error. 



oriented approximately by estimation. If the plane table is not 
oriented exactly the three resection fines will not ordinarily pass 
through a common point but will form a triangle known as the 
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triangle of error (Fig. 62). The size of this triangle in any case 
depends upon the angular error in the orientation of the table. 
From this triangle of error the true position of d may be esti- 
mated, and by a second trial a new triangle of error may be 
obtained which is smaller than the former. By successive trials 
this triangle may be made so small that it is almost a point. In 
practice very few trials are necessary, the triangle often being 
reduced to a point in the second trial, so that the method is in 
reality a rapid one. 

If several points have already been located on the sheet, or if 
some topography has been filled in, the topographer, in attempt- 
ing to orient the table approximately, can often make use of 
ranges which happen to pass near the table. For example, if 
the position of some previously located plane-table station or some 
building happens to be nearly in line with a triangulation station 
then by setting the alidade on this line on the sheet and turning 
the table imtil the triangulation signal is sighted the table may 
be put at once into approximately the correct position. The 
magnetic needle can also be used to advantage in orienting the 
table for this first trial, provided the direction of the magnetic 
meridian has already been drawn on the sheet. 

In estimating the correct position of the point on the map, 
after the first triangle of error has been drawn, the following 
geometric relations will be found useful. 

1. If the table is inside the triangle ABC the point d is inside 
the triangle of error and vice versa. 

2. If a circle be passed through a, b, and the intersection of 
the two resection lines from a and b it will also pass through the 
true position of d, for the angle made by any two resection lines 
from a and b is the angle ADB. Similarly a circle through a, c, 
and the intersection of the resection lines from a and c will pass 
through d. Hence the intersection of these position circles will 
give the position of the point sought. A corresponding circle 
through b and c should pass through the intersection of these 
two circles which is the true position of d (Fig. 62). In 
practice these circles are not actually constructed but their 
positions are estimated by eye or are sketched in roughly as an aid 
in judging the true position of d. 
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3. The distance of d from any resection line is proportional 
to the distance of the table from the signal from which that line 

b 



Indeterminate 




Fic. O.'I. Unfavorahlk Positiox of Signals. 

was drawn, i.e., if the table is nearer to B than to the other 
points, then d will be nearer to the resection line drawn through 
b than to the others (Fig. 62). That this is true may be seen by 
observing that when turning the table into the correct position 
the resection line from a distant signal will move a greater dis- 
tance at the triangle of error than the resection line from a nearer 
signal. 
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190. Positions of the Signals. — The relative position of the 
three signals with reference to the point sought has an important 
influence on the precision with which the point can be determined 
on the map, since the precision depends upon the angles at which 
the three position circles intersect. If the table is inside the 
triangle ABC, as in Fig. 62, the position circles give good inter- 
sections and this position of the table is the most favorable 
one for an accurate location. If the table is outside this triangle 
there are certain positions of the signals which are not favorable. 
This condition occurs when the angles subtended by the sides 
of the triangle formed by the signals are small and the middle 
signal is the farthest from the plane-table point, an example of 
which is shown in Fig. 63. If the plane-table point were out- 
side the tranglc but within the circle passing through all three of 
the stations its determination would constantly grow stronger 
as the plane-table point approached the middle signal. If, for 
example, the point sought happened to be near the center of 
the circle passing through the three stations its determination 
would be much stronger than the case shown in Fig. 63, but 




Point Sought 
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would not be as strong as when located inside the triangle. If, 
on the other hand, the middle signal is nearer the plane-table 
point than the other two signals, as in Fig. 64, the determination 
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is strong, the strength increasing as the plane-table point 
approaches the middle signal. In Fig. 64 the position of the 
"point sought *' is determined by the position circles (shown by 
dash lines), which in this case make good intersections. Had 
the middle signal been at V instead of b it is evident that the 
triangle of error would have been identical with the one here 
drawn, but the position circles would have intersected at rf', 
making very flat angles and affording a weak determination of the 
point. If d is on the line ab or nearly on the line, its position will 
be accurately determined provided the resection line from c 
does not cut the line ab at an acute angle. This also applies to 
the case where d may be on or nearly on ab produced, provided 
ab is long as compared with the distance from d to the nearer of the 
two stations a and b. When a, 6, and c are in a straight line, d will 
be accurately determined if not too far from the line. 

In case the table is on the circumference of a circle through 
i4, 5, and C the point d will be on the circumference through 
a, i, and c (Fig. 63) and its position is indeterminate, i.e., the three 
resection lines will pass through a common point no matter 
whether the table is oriented or not. It will be seen that in this 
case the three circles of position mentioned above will all coincide. 
Before the resection lines are drawn for the purpose of locating 
a new station D it is important that the positions of the signals 
should be examined to see that D is not on or near the circle 
through Ay B, and C 

191. Bessel's Method. — BessePs method, although not as 
frequently used as Lehmann's, will sometimes be found useful. 
It consists in constructing a quadrilateral having the four vertices 
in the circumference of a circle. In order to orient the table 
by this method three signals, A, 5, and C, must be plotted on 
the sheet and must be visible from the table. The four vertices 
of the quadrilateral are the extreme signals A and C (B is assumed 
to be the middle signal), the point sought, and a construction 
point. In Fig. 65 let B represent the middle signal as seen from 
the table which is set up at the point D. It is desired to deter- 
mine the position of D on the plane-table sheet. To construct 
the quadrilateral, place the alidade on ca, turn the table about 
its vertical axis until the line ca points toward the signal A (the 
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a end of the line being toward A), and clamp the table. Center 
the alidade on c, sight the middle signal B, and draw a line; this 
line will have the direction ce, since the angle ace has been laid 
oflF equal to BDA. Then set the alidade on ac, turn the table so 







d d 

Fig. 66. Bessel's Method op the Inscribed Quadrxlateral. 

as to direct c toward the signal C, and clamp. Center on a and 
again draw toward B, obtaining the line ae; this lays off the angle 
cae equal to CDB. The point e is at the intersection of these 
two lines. The point sought, d, is somewhere on the line be. 
Tliis is seen by constructing the circle and noting that angle ode 
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= angle ace, which was constructed equal to ADB; therefore 
(/, 6, and e are in the same straight line. Place the alidade on 
bCy sight at the signal 5, and clamp. The table is now oriented ; 
by resecting from A and intersecting the line be the position of 
d may be found. A resection line from C should also pass 
through the same point. 

To show that this process gives the desired point suppose d to 
be the intersection of the resection lines from h and c, and d' the 
intersection of the lines from a and b. By construction, the 
angle eac = angle edc ; hence the point d is on the circumference 
of the circle aec. Similarly d' is on the circumference of the same 
circle. Since d and d' are on the same circumference they must 
coincide. There is only one point where angles subtended by 
the lines AB and EC equal the angles ad'b and bdc respectively; 
therefore point d must be the position sought. 

If the table is on the circumference of the circle through the three 
signals its position is indeterminate (see Art. 190). 

192. THE Two-Point Problem. — It sometimes happens 
that only two triangulation points are available and that neither 
of these can be occupied with the table, for example two cupolas 
or church spires whose positions are plotted on the sheet. In 
this case it is possible to set up at a third point, to orient the table 
and to proceed with the survey; there will be no check, however, 
on the accuracy of the work. The method consists essentially 
in assuming some temporary base-line (of unknown length) and 
two points on the sheet to represent this base-line; then by inter- 
section from this base-line the two signals are located on the 
sheet. The line joining the two points thus located is parallel to 
the line between the two signals, but it will not be parallel to its 
plotted position unless the table happens to be correctly oriented; 
the angle between these two plotted positions is the angular error 
of the orientation. In Fig. 66 a and b are plotted positions of 
A and 5, the two signals. Assume a convenient base-line CD, 
set up at Dy and orient the table by estimation. By resecting 
from A and B the point d is obtained on the sheet, which may 
temporarily be taken to represent D, Center the alidade on d, 
sight point C, and draw an indefinite line dc. Proceed to point 
C, set the table at C, and orient by means of the line cd, sighting 
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the telescope at D. The table is now parallel to its former posi- 
tion at D. By resecting from B point c is obtained as the 
plotted position of C Now from c draw a line toward^. This 
gives a' as the plotted position of A, whereas a was the position 




Fig. 66. Two-point Problem. 

originally plotted to represent A. The angle aba' is the error of 
orientation. The table may now be turned so that ab is parallel 
to AB by placing the alidade on a'b and noting some distant 
object in line, then setting the alidade on ab and turning the table 
until the same object is again sighted. The table is now correctly 
oriented and ab is parallel to AB, By resecting from A and B 
the true position of C is found. 

193. Elevation of the Instrument. — In working on 
scales of 40 to 100 feet to the inch the table is set up at points of 
known elevation or else near enough to bench-marks so that by 
direct levels (sometimes by stadia levels) readings can be taken 
for determining the height of the alidade. On small scale maps, 
however, the table is often set up at a point which is unknown 
in regard to both position and elevation, and in such cases it will 
be necessary to determine the height by trigonometric leveling, 
measuring the vertical angles to signals whose heights are known, 
(See Art. 127, p. 129.) 
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If the position is detennined by the Three-point Problem, as 
is commonly the case on small-scale work, there will of course 
be three signals visible from the tablejand ordinarily the elevations 
of all of these will be known. After the plotted position of the 
plane-table station has been foimd, vertical angles are taken to 
all of these signals. The horizontal cross-hair must be set on a 
definite part of the signal, so that the elevation of the point sighted 
will be known. The index correction should be determined or 
eliminated. It is well to eliminate errors of adjustment of the 
cross-hair by rotating the telescope i8o degrees in its bearings 
and again observing the vertical angle in this position. The 
distances of the signals from the table may be scaled from the 
map with sufficient accuracy for computing the elevations. By 
multiplying each scaled distance by the natural tangent of the 
vertical angle the difference in elevation between the alidade and 
the point sighted is obtained. This difference must be corrected 
for curvature and refraction, the amount of this correction being 
0.57 feet multiplied by the square of the distance in miles.* 
Values of this correction are given in Table I, p. 387. The 
algebraic sign of the correction may be determined by reference 
to Fig. 67. 

♦ The curvature and refraction correction may be computed by the formula 



h - 



1 .7426 



in which h is in feet and K in miles. For plane-table work on scales of ^lAnr or 
Tshfjs the curvature and refraction correction will frequently have to be com- 
puted for short distances, say less than 2 miles. The above formula may be modi- 
fied as follows. Letting k — the distance expressed in units of 1000 feet, then 

48.58 
or — .02 X ^ (nearly) 

This formula will give the correction about 3 per cent too small, but it is sufficiently 
accurate for correcting short lines when computing the height of the plane table. 
For example, if the distance is 8000 feet, then A — 8; Jk* — 64; and h — 1.28 feet. 
The more accurate formula gives 1.32 feet. In using this formula the distance is 
scaled from the plane-table sheet. Only approximate distances need be used, since 
the correction itself is small, especially as compared with the errors in elevation due 
to errors in the vertical angles. 
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The following example is an illustration of this computation. 
The table is set at an unknown point X and the position found by 




Diflf. Elev. of i4 and B « - A + (C + 10 
Diff. Elev. of .4 and Z) - + A' + (C + JR") 

Fig. 67. Correction for Curvature and Refraction. 

means of the triangle-of-error method, resecting from the signals 
A, B, and C. 

Vertical angles are observed as follows. 

To Af top of mast, + 7** 12' Index correction — i' 

B, bolt of tripod, + 2^ 34' " " + 5' 

C, top of mast, - c/* 55' " " o' 

Scaled distances, 

XA = 1710 ft. 
XB - 7440 " 
XC^ 11800 " 

Elevations of stations. Height of point sighted (above station). 
A, 911 .4 Ay 28.7 

r, 1054.7 ^. 15-6 

C, 507 .0 C, 30 .6 

The dififerences in elevation are 

i4, 1710 X tan7° 11' — 215.5 
JJ, 7440 X tan 2° 39' -= 344 .3 
C, 11800 X tan 0° 55' - 188.8 

The curvature corrections (Table I, p. 387) are 

A, + o.i 

B, + 1 .1 

C, - 2 .8 
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Corrected difTerences, 

A, 215.6 

5, 345 -4 
C, 186.0 

Elevation from i4 — 911 .4 + 28 .7 — 215 .6 — 724 .5 
" " JJ - 1054.7+ 15.6- 345.4- 724.9 

" '* C - 507.0+30.64-186.0-723.6 

Mean — 724 .3 
Height of alidade above the ground — 4 .2 

Elevation of ground — 720.1 

194. FIELD Methods. — The equipment for plane-table work 
consists of the table and tripod, alidade, stadia rod, and plane- 
table sheet, beside the small accessories such as the scale, hard 
(6 H) pencil, and the declinatoire. The slide rule is convenient 
for obtaining differences in elevation; a condensed table of hori- 
zontal corrections will often be found more convenient than the 
slide rule for calculating the distances. This table may be of 
compact form like that shown in Art. 164, p. 180. A curvature 
and refraction table will also be needed if the height of the ali- 
dade is to be determined by trigonometric leveling. An umbrella 
is generally used to cut off the glare of the sun on the paper, and 
a waterproof cover of some sort should be carried to protect the 
map in case of showers. It is also well to carry manila paper 
to lay over the parts of the map which are not being used, to 
keep the plane-table sheet clean. 

The general method pursued in conducting the survey will 
depend chiefly upon the scale of the map. The following three 
methods will indicate the procedure for different scale maps. 

195. I. If scales of 20 to 50 feet to the inch are used, such 
for example as might be needed for landscape architects' pur- 
poses, the plane-table stations should not be located by means of 
the plane table itself but points should be determined by a transit 
and tape traverse and plotted on the map before the plane-table 
work is begun. The table is then set up only at these points and 
the details located by the stadia. Elevations of several points 
should be determined by direct leveling, to serve as bench-marks. 
In using such large scales as these it is important that the plotted 
point on the sheet should be carefully plumbed over the point on 
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the ground. This may be done by means of a special plumbing 
device provided with the plane-table outfit, or, with sufficient 
accuracy, by sighting the point in by an ordinary plumb-bob, 
or simply by dropping a small stone from the under side of the 
table at a point estimated to be under the plotted point. Before 
this can be done accurately the table must be roughly oriented. 
After the plane table has been placed over the point it should be 
carefully oriented; the position of the plotted point is then tested 
by means of the plumb-line. When points are to be located as 
accurately as the scale permits the stadia should not be used, 
since errors of one or two feet are comparatively large on the 
scales here considered. The tape should be used to measure 
the distances from the table to comers of buildings and other 
points whose location is important ; or such points may be located 
by intersection, provided the angles of intersection ere favorable. 
Lines of an indefinite character, such as outlines of shrubbery, 
paths, etc., may be located by stadia. The contours on such a 
map should be accurately drawn, since they may be used for cal- 
culating earthwork. They should not be sketched in so as to 
generalize the topography, as would be done on small scale maps. 
If the contour interval is small (i or 2 feet) the contours may be 
put in by direct leveling with the alidade rather than by vertical 
angles, and also by locating points that are exactly on the contour 
lines so that no interpolation will be necessary. Sometimes the 
elevations of points on the contours are determined by means of 
the wye level and the points afterward located on the sheet by 
stadia measurements with the alidade. In this way a greater 
difference in elevation can be covered without the necessity of 
moving the table, because by taking a turning point occasionally 
the leveling can be carried on when the point is too high or too 
low to be reached by direct leveling with the alidade. 

196. 2. On scales of yxjVv (about i foot to a mile) to TTji^j^ 
(about 0.5 foot to a mile) graphical triangulation is of sufficient 
accuracy for locating plane-table points, and the details may be 
safely put in by the stadia method. On such small scale maps 
there are usually plotted a few triangulation points, or else the 
ends of some measured base-line. Plane-table stations are 
located graphically, the elevations of these stations are deter- 
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mined by trigonometric leveling, and the details are all put in by 
the ordinary stadia method. When the table is set up at a plotted 
triangulation station, as would often be the case when beginning 
a sur\'ey, it is oriented as usual by sighting other triangulation 
signals. It is not necessary to center the plotted point over the 
station except by a rough estimate, because on these scales an 
error of 2 or 3 feet is inappreciable. In filling in topography 
on such maps it is customary to select plane-table points from 
which a good view of the ground in the immediate vicinity can be 
obtained and to locate these station points by the Three-point 
Problem, generally by the triangle-of-error method. Points are 
not taken exactly on the contours as on large-scale maps, but 
the elevations of controlling points are found and the contours 
sketched in by interpolation. 

In locating points on the map by stadia it is not necessary to 
draw radiating lines in the directions of the various shots. It is 
sufficiently accurate to lay the scale close to the edge of the ali- 
dade, to place the pencil against the alidade opposite the correct 
reading on the scale, and to mark the point on the map by a dot. 
In some alidades the scale is graduated on the edge of the rule. 
In using such an instrument the distances may be taken off by 
dividers and transferred to the map. 

197- 3* On scales of ^jf^jfjf or smaller, such as those em- 
ployed in making government maps, the work usually con- 
sists almost entirely of graphical triangulation, although a 
combination of graphical triangulation and stadia is sometimes 
employed. Where great detail is not required the stadia may be 
omitted, in which case the summits are located by intersection lines 
from the triangulation points and elevations may be found by 
means of vertical angles and scaled distances. After many such 
points have been located the rest of the work consists almost 
entirely of sketching. The sketching is sometimes supplemented 
by additional elevations determined with the aneroid barometer 
(see Art. 140, p. 138) and occasionally by stadia traverses or by 
surveys made with the traverse plane table (see Art. 203, p. 221). 
When an intersection line is drawn to an unknown point the out- 
line of the hill is sometimes sketched on the sheet in approximately 
the right position, either in the form of a profile of the hill which 
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serves as a memorandum to be used later or in the form of con- 
tours representing the shape of the hill as well as it can be judged 
from this one point of view; when two or three lines have been 
drawn to the hill from different points the sketches are assembled 
and the contours completed. On such maps the contours are 
drawn to show the general form of the ground, so that the topog- 
raphy is necessarily generalized and the allowable error in ele- 
vations is somewhat greater than on large-scale maps. Some 
topographers make the rule that a contour mint not be in error 
by so much as half a contour interval. 

From the preceding it will be seen that one of the advantages of 
the plane table is that it may be. set up at any place where the 
topographer can obtain a good view of the ground in the locality 
to be mapped; the position can easily be located on the map, pro- 
vided three located signals can be seen. For this reftson each 
point is entirely independent of the preceding or the following 
points, so that errors do not accumulate as they do in traverses. 

In filling in the details the topographer generally proceeds 
from station to station, completing the map as he goes along and 
following out some definite plan of work so as to economize time. 
If wooded coimtry is encountered the plane table is at a dis- 
advantage. It may be used, however, even when no triangula- 
tion points are visible and when but little of the ground can be 
seen from any one station, for traverses can be run with the 
plane table, using the alidade to obtain the angles. 

In nmning traverses with the table it is oriented at each 
station by a backsight on the preceding station, and the next 
station in advance is located by a stadia shot. Care should be 
taken in this work to draw long lines so that the direction is well 
defined on the sheet, as this determines the accuracy of the 
orientation on the next set-up. On large-scale maps the center 
line of the alidade should be used. The declinatoire can be 
used to good advantage for checking the orientation. The 
direction of the magnetic needle is always uncertain, but the fact 
that its errors are irregular and not cumulative like the errors of 
the traverse makes it valuable in spite of its defects. The ele- 
vations are carried along exactly as on an ordinary stadia traverse. 
A traverse run by the plane table should be checked if possible 
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by connecting with triangulation points, as such a traverse is at 
best only approximate. 

The area covered by such a traverse can be greatly extended, 
with sufficient accuracy for small-scale topography, by the use of 
the hand level (Vol. I, Art. 307, p. 278). After points have been 
located by the stadia as far as possible an assistant can use one 
of these points as a bench mark and run out an approximate 
profile in some known direction, obtaining the elevations by the 
hand level and pacing the distances, and then transfer this infor- 
mation to the plane-table sheet. 

igg. Sketching Contours. — The method to be pursued 
in locating contours will depend upon the scale of the map and 
the character of the ground. One method is to select points 
which are on or near the contour, choosing a sufficient number 
to give the shape of the contour. If the scale is very large and 
the contour interval small, say one or two feet, the points should 
be exactly on the contour. On a slope it is often convenient to 
locate points on two or three adjacent contours at one time, com- 
pleting this group of contours before another set is begun. 

On smaller scales the points may be taken approximately on 
the contour, the slope on either side estimated, and the contour 
sketched accordingly. This method is fairly accurate because 
the located points are near the contours, so that an error in esti- 
mating the slope has little effect on the plotted position of the 
contour. It has the advantage also that when the topographer 
is in a position which makes it difficult for him to judge the slope 
the rodman can easily estimate the slope and call it to him. 

Another method, applicable to intermediate scales where the 
contour interval is 5 feet or more, is to select points along the 
ridges, along the valleys, on knolls, and in depressions, thus 
determining directly the two systems of lines upon which the 
shape of the contours mainly depends. Points should be so 
selected that slopes are nearly straight between consecutive 
points. The best positions for obtaining a good view of the 
ground are on the ridges and knolls. 

On small scales where much of the detail is sketched in the 
topographer finds it necessary to judge long slopes. In selecting 
plane-table points, therefore, the topographer should endeavor to 
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find positions which command a good view of the surrounding 
country, and which at the same time aflford a good opportunity to 
correctly judge the slope of the ground. The summits and the 
valleys are not so well adapted to this purpose as a position 
midway between, because from the latter position a better general 
view may be had of the area to be covered from that plane-table 
station. Frequently much of the detail is hidden from the topog- 
rapher, in which case assistance may be rendered by the rodman, 
who is in a position to judge the slopes around the points located 
and to note many details not visible from the plane table. In 
some cases it will be economical to have another assistant who 
devotes the whole of his time to making notes and sketches, thus 
aiding the topographer in covering a large area from a single 
station. 

Sketching contours on small scales where only a few points 
are accurately determined requires great skill on the part of the 
tof)ographer. He must not only be able to accurately judge the 
slopes from the appearance of the country, but he must be familiar 
with the characteristics of contour maps of diflferent topographic 
forms. The topographic features of any region bear an intimate 
relation to the geological formation, any given geological feature 
producing contours having certain characteristics. A knowledge 
of this relation will be of great assistance to the topographer. 
(See Chapter VII for a discussion of the Relation of Geology 
to Topography.) 

200. The Datum Plane. — The datum for topography is 
sometimes taken as mean sea-level and sometimes as mean high 
water. The former has the advantage of being more nearly the 
same for all places, whereas mean high water differs many feet 
in different parts of the same coast. Mean sea-level can also be 
more readily determined from a limited number of tidal obser- 
vations. (See Vol. I, Art. 237, p. 211, for the method of estab- 
Ushing a datum by observations.*) 

201. PLANE-TABLE PAPER. — A source of inaccuracy in all 
plane-table work is the change in the dimensions of the paper due 
to changes in the hygrometric conditions. As plane-table sheets 

♦ See U.S. Coast Survey Report for 1897, pp. 315-320, 480-489, also report for 
i8S3»PP- 94-96. 
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are exposed to the weather more than ordinary maps these changes 
are often quite large. The paper not only changes its dimensions 
but it expands and contracts unequally in different directions, so 
that it is not easy to allow for the change in scale. The only pre- 
cautions that can be taken against this are to use moimted paper 
which has been exposed to such changes for a long time and has 
become "seasoned," and to protect the paper from moisture when 
in the field. Seasoned paper is much less liable to distortion than 
fresh paper. Paper which has been kept rolled or in a drawer is 
not seasoned as well as that which has been left free to the action 
of the moisture in the air. Sometimes double mounted paper is 
used, in which the two pieces of cloth are laid with the warp at 
right angles so as to prevent unequal changes in the paper. 




Fig. 68. Plane-Table Sheet Ready eor Fieldwork. 

202. Preparing Plane-Table Sheets for Fieldwork. 

— Plane-table sheets on small scales, especially those which form a 
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part of a large survey, are usually plotted on some form of pro- 
jecUon, the triangulation stations being plotted in their proper 
latitudes and longitudes. (See description of the diflferent pro- 
jections, Chapter X, p. 345. ) The polycanic projection is used 
almost entirely for large areas. For very small areas the polyconic 
can scarcely be distinguished from the rectangular projection, and 
the latter may often be substituted for the former. Fig. 68 repre- 
sents a plane-table sheet ready for the field originally plotted on a 
scale of Tviiyiy and reduced to approximately y^Juv. The triangu- 
ation points shown on the sheet have been located and their 
latitudes and longitudes calculated; these form the basis of the 
plane-table work. 

203. The Traverse Plane Table. — The traverse plane 
table (Fig. 69) consists of a board about 15 inches square mounted 




Fig. 69. The Traverse Plane Table. 



on a light tripod and having a small declinatoire set in at one edge, 
the top of which is flush with the top of the table. The alidade 
consists of a rule with two vertical sights like those used on the 
surveyor's compass. This table, when used for traversing, is 
oriented entirely by means of the magnetic needle. The table 
is set up at alternate stations only, the unoccupied traverse stations 
consisting of natural objects occurring along the line of the trav- 
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erse, such as chimneys, lone trees, etc. This instrument is 
used by the U. S. Geological Sunxy in traversing highways on 
scales of about 3(yjTnr' the results of these traverses being 
afterward transferred to the large plane-table sheets. The outfit 
may be carried along in a carriage and the distances measured by 
counting the revolutions of one of the wheels. The length of 
foresights or backsights is plotted by a specially constructed 
scale with which revolutions of the wheel can be plotted to the 
proper scale for the map. The positions of objects which are 
located far from the highway are determined by intersection. 
Details near the highway are sketched as the work proceeds. 
Triangulation points are cut in whenever possible so that the sheet 
may be correctly oriented when joined to the large map. An 
approximate profile of the route is obtained from readings of the 
aneroid barometer. 

204. ROUGH SURVEYS WITH PLANE TABLE. — It is obvious 
that a complete map may be made with a plane table without 
measuring any distances whatever, provided it is not necessary to 
know the exact scale of the map. A distance may be assumed on 
the paper representing some base-line (of unknown length) on the 
ground, and other points may be located by intersection and resec- 
tion. This procedure is often very useful in reconnoissance or 
exploration surveys. The scale of the map may be found at any 
time during the survey by measuring the distance between any two 
points which can be identified. With the light plane-table out- 
fit and an aneroid barometer one man can make a very fair map 
of a large tract of country by using these rough methods. 
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PROBLEMS. 

Compute the elevation of the ground at the plane-table station in each of the 
following sets of observations. 
I . Elevation of Plane Table. 



Signal 



Flag in Tree. 
Ch. Spire . . . 
Hooper 



Vert. Ang. 



+ 3*^3/ 
+ 1*^31' 



Diflt. 



Ht. 



ft. 

3545 
2328 

1447 

of Al. 



4.2 



El. of Sto. 



ft. 
top 327 .4 
ball 167 .7 
dr. h. 197 .4 



Ht. of pt. sighted 
above ^ 



32-7 
Ans. 99 . 1 ft. 



2. Elevation of Plane Table. 



Robinson . . . . 
Hubbard . . . , 
Pitman 



+ 2<'i3'.5 
+ 7^31' 
-f io«>o8' 



4810 

2533 

2135 

Ht. of Al. 4 .2 



stake 270.7 
dr. h. 433 -4 
dr. h. 469 .5 



45-2 
30 .6 
41. 1 



Ans. 124 .8 ft. 



3. Elevation of Plane Table. 



Hotel 

Flag Pole . 
Pitman. 




ball 212.0 
ball 227 .9 
dr. h. 469 .5 



41 .1 
Ans. 367 .2 ft. 



Elevation of Plane Table, 




5. Elevation of Plane Table. 



Pitman . . . 

Hotel 

Flag Pole . 



+ 3° 52' 

- 2° 33' 

- i°23' 



1529 

4338 

7419 

Ht.of Al.3.6 



dr. h. 469 .5 
212 .0 
227.9 



41. 1 



6. Elevation of Plane Table. 



CHAPTER VI 

PHOTOGRAPHIC SURVinriNO* 

205. Photographic SURVEYIHG. — In this chapter only the 
fundamental principles of photographic surveying will be con- 
sidered and no attempt will be made to describe the details of 
special methods. 

Photography applied to surveying furnishes one of the most 
rapid means of locating topographic details, and in some coun- 
tries it has been used extensively for making small-scale maps. 
The advantages of the method arc that the fieldwork at any 
station may be completed in a very short time and that every- 
thing which can be seen from a station is permanently recorded 
by means of the photographs. The reduction in the time required 
to occupy a station is obtained, however, at the expense of the 
office work; the long time required to work up the results is one 
of the disadvantages of this method. Furthermore, the accuracy 
of photographic surveying is inferior to that of the methods pre- 
viously described. This method is therefore particularly appli- 
cable to cases where the time available for fieldwork is quite 
limited, or where great detail is not required, as on a small-scale 
map. In Alaska, for instance, the photographic method has 
proved valuable, because on account of the continued cloudiness 
on high mountain peaks there would be great delays in measuring 
the angles of a triangulation system and in taking the topography 
by the ordinary methods. By the photographic method a few 
minutes of clear weather may be all that is needed for obtaining 
the data at one station. In the surveys made by the Canadian 
Government the photographic method is extensively used; the 
published maps are on a scale of ?7riw, the contour interval 
being 100 feet. 

* For a very complete treatment of the subject, including the history of its 
development, see " Photographic Methods and Instruments," by J. A. Flemer, 
published by John Wiley & Sons. 
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206. Priiiciples of Photographic Surveying. — A photo- 
graph is a perspective of the landscape represented and furnishes 
the means of determining graphically the angles at the camera 
station between points on the photograph. Points may be 
located on the map by the intersection of lines drawn from the 
plotted positions of the camera stations, the method of locating 
the points being essentially that of graphical triangulation. The 
general principle upon which the method of photographic sur- 




FiG. 70. 



veying is based may be understood by reference to Fig. 70. The 
point O represents the optical center of the camera lens, through 
which rays of light are passing (in straight lines) from the land- 
scape LU to the negative NN'. The plane PP' is the picture 
plane and represents a photographic print made from this negative 
and placed in front of the lens at a distance equal to /, its focal 
length. The distance of the negative from O is also equal to /. 
The center of the print, the center of the negative, and point O 
are all on the same straight line, and the negative and print are 
vertical. Since the negative is an inverted image of the land- 
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scape, and since the picture is printed from the negative by direct 
contact, the print is an erect image of the landscape and of the 
same size as the negative. If the eye were placed at O every point 
on the picture would appear to cover the corresponding point in 
the landscape; therefore the angle between any two points on 
the print is the same as the angle between the corresponding 
points in the landscape. The print, then, when held the 
proper distance (focal distance) in front of the eye, furnishes 
a means of measuring the angles between the photographed 
points. 

Strictly speaking the vertex of these angles is not the optical 
center, as shown in Fig. 70, but is one of the principal points, or 
nodal points J of the lens; the general principle, however, is not in 
any way altered by the assumption that the line LON is straight, 
since the line emerges from the lens parallel to its original direc- 
tion. If the lens were replaced by a pinhole in the front of the 
camera box, photographs could be taken, and the same general 
principles of perspective would hold true as in the case where a 
lens is used. 

207. The Surveying Cabiera. — Cameras used for surveying 
are of various types, some being ordinary cameras with a few 
attachments added, while others are a combination of plane 
table and camera or theodolite and camera. Fig. 71 shows a 
camera designed especially for surveying work. The lower part 
of this instrument is so arranged that the camera can be removed 
and a transit set in its place on the tripod. Whatever form of 
camera is used, it should have a ground glass plate at the back of 
the box, so arranged that it can be placed in the same position as 
that to be occupied by the sensitized plate; by this means the 
camera can be focused and the image of the landscape may be 
examined before a plate is exposed. Spirit levels should be pro- 
vided for leveling the instrument whenever a picture is taken. 
Cameras intended for this work are commonly made of fixed 
focus, so that the plate shall always be at the same distance from 
the lens when the exposure is made. If the focus is not fixed the 
distance from the lens to the plate must be determined by some 
means every time a photograph is taken; this latter method has 
the disadvantages that additional time is consumed in the field 
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and that error is liable to be introduced in this determination. 
The outfit is often taken over very rough country where it is sub- 
jected to severe shocks; it is desirable that there should be few 
adjustable parts which can become deranged. At the back of 
the box where the plate holders are inserted there should be a 
frame having a rectangular opening; the plate, when exposed, 




Fig. 71. Surveying Camera. 

(From a photograph loaned Ijy C L Btrgcr & Sr>ns.) 

should be in contact with this frame so that the exposed portion 
of the plate is a perfect rectangle. In order to mark certain 
reference points on the plate a number of notches are cut in the 
edges of the frame; these will be photographed on each plate 
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when it is exposed. Two of these notches, at the sides, mark 
the position of the hoiizon line; two others mark the position of a 
vertical line known as the principal line. The remaining notches 
mark the focal length of the lens, as will be shown later. The 
horizon line and the principal line intersect at the principal point 
of the plate, which is the point where the optical axis of the lens 
should intersect the plate. The horizon line is the line of inter- 
section of the picture plane and the horizontal plane passing 
through the optical center of the lens. The principal line is the 
intersection of the picture plane and a vertical plane through the 
optical center. This vertical plane is known as the principal 
plane. 

208. Adjustments of the Camera.— The particular method 
used in adjusting the camera will depend upon its construction. 
The following adjustments apply to a camera which can be placed 
on the tripod in two positions at right angles to each other, so 
that the longer dimension of the plate may be either horizontal 
or vertical. In this type of camera there are four spirit levels, 
two for each position of the camera on the tripod. 

209. Adjustment of the Bubble which is Perpendicular to the 
Ground Glass. — The bubble which is perpendicular to the plane 
of the ground glass should be so adjusted that when the plate is 
vertical the bubble is central, or else a reading of the bubble 
should be noted which corresponds to the vertical position of the 
plate and this position should be marked in some way on the 
glass tube. To determine the vertical position of the ground 
glass, set up a leveling instrument in front of and at the same 
height as the camera and find some distant point which is on the 
horizontal cross-hair. Turn the level around on its vertical axis 
until it points toward the camera. Level the camera and place 
the ground glass in position. Turn the camera so that the 
reflection of the distant object from the back surface of the 
ground glass can be seen through the telescope of the leveling 
instrument. If the ground glass is vertical the image of this 
object will appear somewhere on the horizontal cross-hair of the 
leveling instrument; if it is not the camera must be tilted until 
this condition is fulfilled. Then the level tube may be adjusted; 
if it is not adjustable, the scale readings of the ends of the 
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bubble may be noted and preferably marked in some way on 
the tube. 

The camera is then placed on the tripod so that the long 
dimension of the plate is vertical, and then the other level 
which is perpendicular to the plate is adjusted in a similar 
manner. 

210. Determining the Position of the Principal Point. — After 
the bubbles are adjusted so that the plate can be made vertical, 
a transit or a leveling instrument is set up and leveled, and two 
well-defined points on the horizon are found which, when photo- 
graphed on one plate, will come near its opposite edges. The 
camera is set at the same height as the leveling instrument, the 
level bubble which is perpendicular to the ground glass being 
centered, and a plate is then exposed. A line drawn on the nega- 
tive through the photographs of these points determines a hori- 
zontal line. The camera is now placed on the tripod at right 
angles to its first position and the operation repeated, two new 
points at the same height as the camera being selected, if neces- 
sary, to bring them within the limits of the plate. A line through 
the points on the second negative is a horizontal line for this 
second position. The line on the second negative may now be 
transferred to the first one by means of measurements made 
along the edges of the exposed portion of the plate. The inter- 
section of these two lines, both of which are now on the same 
negative, will determine the position of the principal point. 
Since the bubbles which are parallel to the plate have not been 
adjusted these two lines are not necessarily at right angles to 
each other. 

In case it is impossible to find distinct points exactly on the 
true horizon, any well-defined points (preferably near the horizon) 
may be chosen and vertical angles may be measured to these 
points. The vertical distance on the print from these points to 
the horizon line may be computed by use of the azimuths, vertical 
angles, and the focal distance. If these vertical distances are 
laid off on the print they will give a series of points which will be 
on the true horizon. 

211. Determining the Positions of Horizon and Principal 
Lines. — Now that the principal point has been determined the 
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horizontal and principal lines maybe laid out by means of measure- 
ments along the edges of the ojjening at the back of the box. 
The distances of the principal point from the edges of the exposed 
part of the negative are measured, and these distances are trans- 
ferred to the edges of the rectangular frame so that when points 
on opposite sides of the rectangle are joined by straight lines these 
two lines will be parallel to the sides of the rectangle and will 
intersect at the principal point. These four points on the edges 
of the frame should be marked by notches so cut that they will 
be photographed on each plate. The horizon and principal 
lines may then be drawn on any print by simply joining these 
opposite notches by straight lines. 

212. Adjustment of the Bubble which is Parallel to the Ground 
Glass. — The level which is parallel to the ground glass should 
be so adjusted as to be central when the horizon line is truly 
horizontal, or else a reading on the level bubble should be found 
which corresponds to this horizontal position. 

This may be done by tipping the camera until the bubble is at 
one end of the tube and then taking a photograph of the points 
which have already been used in fixing the horizon line. This 
will show the horizon line inclined to the actual horizon. The 
camera is then inclined until the bubble is at the other end of 
its tube, and another plate is exposed. This second plate will 
also show the horizon line inclined to the true horizon, but in 
the opposite direction. The exact position of the level bubble 
should be noted in each case. After measuring on the edges of 
the plate the distance from each notch to the horizon as deter- 
mined by the photographed points, simple interpolation between 
the bubble readings and between the measured distances will 
show what the bubble should read when the horizon line defined 
by the notches is level. If the level is adjustable the bubble 
should be made central while the camera is in the correct posi- 
tion. During the above adjustment the plate should be kept 
vertical by means of the bubble which is perpendicular to the 
plate. 

213. Determining the Focal Length of the Lens. — The focal 
length is usually given by the instrument maker, but it may be 
found in the field by either of the following methods. 
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214. First Method.* — Set a transit over the camera station 
and measure the angle AOB between two distant points A and B. 
In Fig. 72. let AOB=a + p^w. 
Expose a plate 
and measure on 
the negative the 
distances x and 
y from the points 
a and b to the 
principal line 
ate. Let f=Oc. 
Then 



tan a = -T 



/ 
tan ^ = ^ 




Fig. 72. 



and 



uu..u„^-a 



tan (a + /?) = tan w 



- + ^ 
f f 

xy 
I — f 



hence 



' tan 6> ' -^ 



Solving this equation gives 



2 tan 0) 



v/^ 



+ y)' 



4 tan' 



+ :vy 



[53] 



* This is the method given by Capt. E. Deville, Suneyor General of Dominion 
Lands, in " Photographic Surveying," published by the Government Printing 
Bureau at Ottawa. 
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Example. 

Distance of ist point from principal line = 3.026 inches 
Distance of 2d point from principal line = 2.736 inches 

X + y = 5.762 inches 



Angle between ist and 2d point 
log 2 = 0.30103 
log tan « = 9.Q1945 
log denom. » 0.22048 



log (x + y)" 0.76057 
log denom. = 0.22048 



0.54009 
ist term =» 3.468 inches 



log 



(x+y)' 



(x + yy 

4 tan' w 
xy 



4 tan' « 



1. 08018 



— 12.028 
20.307 



log - 1.30771 
Jlog= .65386 
2d term = 4.507 
ist term «> 3.46S 

/ = 7-975 inches 



215. Second Method. — Set up the camera and level it; set 
two poles, or select two well-defined points, A and J5, Fig. 73, 




Fig. 73. 



on the same level as the camera, the two being equally distant 
from the camera. The angle AOB should not be very acute 
if an accurate determination of the focal length is desired. 
Measure the distances ABj cC, and ab. The first two should be 
measured with a tape and the third scaled from a negative. 
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Then 

CO + cO = cC 

and CO : AB ^ cO : ab 

From these equations is found the value of cO, or /. The poles 
should be far enough away so that the focus is practically the 
same as it will be for the surve)dng work. 

In order to detect distortion in the photographic prints, dis- 
tances equal to i / and i / respectively are laid off on the long and 
short sides of the rectangular opening at the back of the camera 
and marked by notches similar to those used in marking the 
horizon and principal lines. In this way distances of ^ / and J / are 
shown on all prints and any change in the dimensions of the 
print may be measured and allowed for. 

216. Conducting a Photographic Survey. — The general 

method of conducting a photographic survey is to establish first 
a number of triangulation stations by the usual methods and then 
to occupy these stations with the camera, taking as many views 
from each point as will be of use in mapping the country. The 
triangulation may be executed with the ordinary transit, since 
great precision is not required. The transit is usually carried 
along with the rest of the outfit and is used not only for locating 
camera stations but also serves the purpose of locating the views, 
as will be explained later. Secondary camera stations should 
be located by the camera itself only where it is practically impos- 
sible to locate these stations by triangulation. If at any time it 
is desired to locate a camera station without occupying other 
triangulation stations with the transit, this, of course, can always 
be done by means of the Three-point Problem, provided three 
suitable triangulation stations can be seen from the camera 
station. 

The accuracy of the survey will depend to a considerable 
extent upon the selection of such camera stations as will aflford 
good intersections. In this work it will be necessary to establish 
a much larger number of triangulation points than would be 
needed for other kinds of work, because the accuracy of the 
resulting map depends upon the selection of camera stations 
which will give good intersections at the prominent topographic 
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features. A camera station may sometimes be located for the 
purpose of obtaining a single photograph. The triangulation 
scheme for a photographic survey will therefore be of a different 
character from an ordinary triangulation, the highest peaks, 
which would naturally be selected for an ordinary triangulation, 
sometimes being avoided entirely in this work. Such high peaks 
are likely to be covered with clouds much of the time, so that 
progress is delayed; furthermore it may be impx)ssible to obtain 
desirable views from such elevated points. To definitely locate 
a point it is necessary that it should be shown on photographs 
taken from at least two different camera stations; but it is desir- 
able that all important points appear on views taken from three 
or more stations, in order that the accuracy of their location may 
be checked. 

It is often advantageous to set up the camera at some eccentric 
point near the triangulation station, in which case the location of 
the eccentric station with reference to the triangulation point 
must be determined by means of its azimuth and distance. 

A rough sketch should be made at every exposure, showing the 
limits of the photograph, a few prominent points, and any points 
to which angles are measured. One oi more horizontal and 
vertical angles should be taken to well-defined points which appear 
in the photographs. The horizontal angles serve to locate camera 
stations and also to orient the picture when plotting the map; 
these angles will also furnish a check on the focal length and on 
the position of the principal line. The vertical angles afford a 
means of determining the elevations of points and a check on the 
position of the horizon line. If the camera is provided with an 
azimuth circle, this may be read at each exposure and the pictures 
oriented on the drawing by means of these circle readings. 

If no angles are measured at the camera station when the 
photographs are taken, at least one of the plates must include 
the photograph of a triangulation point in order that the pictures 
may be oriented on the map, and it will be advantageous in any 
case to have one or more triangulation points apj)ear in each 
photograph. 

The pictures should overlap far enough so that one or more 
conspicuous points are common to the two adjacent plates. In 
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order that the pictures may be oriented on the map independently 
there should be a triangulation station in each photograph, but 
any print which does not contain a triangulation signal can still 
be oriented, provided there is, near the edge of this print, some 
point which also appears on the edge of the adjoining print. 

217. Plottihg. — The first step to be taken in preparing 
the map is to plot the triangulation stations. Before any of the 
details can be plotted it is necessary to draw on the map the 
position of the picture trace, or ground line, for each photograph 
taken. This trace is the intersection of the picture plane with 
the plane of the map when the print is held vertical and at a 




Fig. 74. 



distance from the camera station equal to the focal length of the 
lens, and in such a position that every point on the print has its 
proper azimuth from the camera station. It is evident that 
when the print is in this position the principal plane is perpendicu- 
lar to the print and that the picture trace is tangent to a circle of 
radius / drawn about the camera station as a center. In Fig. 74, 
A represents the plotted position of the camera station ; BB' is 
a photograph (lying on the map) taken from A, and PP' is the 
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picture trace. If the print is held in a vertical position on the 
picture trace the azimuth of every point on the print as seen from 
the plotted position of the camera station will be the same as it is 
in the field. The process of locating the picture trace is called 
orienting the picture, and it should be done accurately because 
all subsequent plotting from this picture will depend upon this 
location of the trace. 

218. Orienting the Picture Trace. — In order that the picture 
trace may be oriented it is necessary to know the position of the 
horizon and principal lines and also the focal length of the lens. 
In addition to this the position of the camera station must be 
known and the print must contain the photograph of at least 
one point whose direction from the camera station has been 
determined. 

In Fig. 75 suppose that a base-line AB has been plotted in 
the position ab. Let the focal length / equal be, sometimes 




FIG. 76. 



called the distance line. About a and b as centers, draw circles 
of radius /. If different cameras have been used at the two 
stations the circles must each have a radius equal to the value of 
/ for the camera used. The focal length laid off must be the 
actual length, no matter what scale is chosen for the map. 
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Let us suppose that the first photograph taken from station B 
includes the picture of A and let Fig. 76 be the print so taken. 
Any point on the picture may be projected down on to the 
picture trace by means of a vertical line, and so far as the hori- 
zontal location of points is concerned it may be considered that 
they lie on the picture trace. When the picture is placed in 
position the principal point c on the trace (Fig. 75) must be on 



A __c 

i 



Fir.. 7(5. 



the circumference of the circle about 6, and the photographed 
position of A must be somewhere on the line 6a, produced if 
necessary. To find the position of the picture trace, erect a'c' 
perpendicular to ha\ scale from the print the distance cA' 
(Fig. 76), and lay it off on this perpendicular; this gives point c'. 
Draw a line from d to the center h. Point ^, where the line cuts 
the circle, is the center of the picture trace. Through c draw a 
line perpendicular to he; this is the picture trace. Point A'' is 
the position on the picture trace FcP' corresponding to the posi- 
tion of A on the ground. FcP' is the picture trace desired, 
because it is perpendicular to the principal plane he at point c; 
and c is the principal point because ^^4" = cV (Fig. 75)=Ci4' as 
scaled from the print (Fig. 76). 

A second picture trace may be located from this one if there 
is on the right side of this first picture some point which is also 
on the left side of the next picture. The geometric construction 
for locating the second photograph is similar to that used in 
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orienting the first. In Fig. 75 T is a point which appears on 
two adjacent prints, PP' and QQ'. The trace QQ' is deter- 
mined on the map by means of point Z', which is the position of T 
on the trace PP\ Where the line tb cuts the circle at k erect a 
perpendicular kc^\ the distance kc^' being obtained from the 
second photograph just as a'(/ was obtained from the print 
shown in Fig. 76. The line c^'b cuts the circle at c„ which is the 
principal point of the second picture trace. The line bi cuts QQ' 
at /, which is the position of T on the second trace. 

In case the focal length of the lens is not known, or if it is 
desired to verify its length, the picture trace may be located by 
the following method, provided that there are several points 
shown in the print which have been connected with triangulation 
points by measured horizontal angles. On the straight edge of 
a strip of paper mark a point representing the trace of the prin- 
cipal line and from this point lay off the distance from the 
principal line to each of the points to which angles have been 
measured. Draw radial lines on the plan from the camera station 
toward the points sighted with the transit, using the measured 
angles to obtain the direction of the points. The strip of paper 
may now be laid on the plan and moved about until each point 
on the paper lies on the corresponding radial line on the plan. 
This position of the edge of the paper is the true position of the 
trace, and the distance from the plotted camera station to the 
principal point on the strip is the focal length, or distance line. 
The distance line should, of course, be perpendicular to the trace. 
In order that the focal length may be determined accurately by 
this method two of the points sighted should lie near opposite 
edges of the print. 

Since the prints are liable to become distorted, measurements 
which must be obtained with great accuracy, such as those for 
obtaining the focal length, should be scaled directly from the 
negative. For locating details it will be sufficiently accurate to 
scale from the print and to make allowance for the distortion as 
shown by the notches on the edge of the print. 

219. Locating Points on the Plan. — Any point on the first 
picture may be plotted on the line PcP' (Fig. 75) by scaling on 
the print the horizontal distance from the principal line and by 
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laying off this distance from c on the trace PcP'. By drawing 
lines from h to the points thus plotted on the picture trace a set 
of radiating lines is obtained, showing the directions of these 
points as seen from By and the location of these points on the 
map will be somewhere on the corresponding radial lines. 

By means of a photograph from A containing these same 
points the trace of this photograph may be oriented on the circle 
about a in the same manner as that described for the point i. 
(See Fig. 77.) This locates these same points on another set 




Fig. 77. 

of radiating lines drawn from a, and the intersection of corre- 
sponding lines from a and i, such as am and hm\ locates the point, 
M, on the plan. 

Where there are many points to be plotted from one base-line 
a convenient method is to first transfer to the straight edge of a 
strip of paper the principal point of one of the prints and to lay 
off from this point the distances to all the other points to be plotted. 
This paper can be fastened in the proper position on the plan to 
serve as the picture trace. A similar strip is constructed for each 
photograph taken, and fastened in its proper place on the map. 
Points may then be located on the plan by fastening two fine 
threads to needles stuck in the end points of the base-line, passing 
these threads through corresponding points on the traces, and 
marking the intersection on the plan. 

From the points so located the details may be sketched, the 
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topography being judged from the appearance of the prints. 
There is no limit to the number of points that may be located, 
provided these points can be positively identified on the prints. 
Points which can be identified should be marked with the same 
numbers on the different prints for convenience in plotting. 

220. Determining Elevations from the Photographs. — Differ- 
ences in elevation may be found graphically or by computation, 
the former being the more common method. The distance of a 
point above or below the horizon line may be scaled from the 
print; this vertical distance divided by the horizontal distance 
from the plotted camera station to the point on the trace is the 
natural tangent of the angle of elevation or depression. It is 
necessary that the actual horizontal distance from the camera 
to the point should be known before the elevation of the point 
can be determined. This horizontal distance may be scaled 
from the map after the point has been located by the method 
already described. The difference in elevation between the 
camera and the point may be found by simple proportion as 
follows. 

Fig. 78 shows the plate with the horizon and principal lines 
drawn upon it. A is the point whose elevation above the 
camera station O is desired. Fig. 79 is a portion of the map, O 
is the lens, and PP' is the trace of this picture on the map. In 
both Figs. 78 and 79, c is the center of the print, B is the point 
vertically under A , and OB is the horizontal distance from O to 
A, If in Fig. 79 a perpendicular BA' is laid off at JB, this per- 
pendicular being equal to the distance AB scaled from the print, 
then the angle A' OB is the true angle of elevation of A above a 
horizontal plane through O. The plotted position of A will lie 
on the line OB on the plan. If a is assumed to be the plotted 
position of A and aa' is drawn perpendicular to 0J5, and if aa' 
is measured with the same scale as that used in laying out the 
base-line, the result will be the actual difference in elevation 
between O and A, The distance aa' could of course be com- 
puted by proportion if desired, the data being the actual distances 
OB and BA in inches {OB being scaled from the map and BA 
from the print) and the distance Oa in feet as scaled from 
the map. 
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Fig. 78. 




Fig. 70. 
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CHAPTER Vn. 
thb rblation of oboloot to topooraph7.« 

222. The Value of a BInowledge of Geology to the 
Topographer. — The features of the earth's surface are deter- 
mined by geologic processes working upon geologic structures. 
There is little need of emphasizing the intimate relation existing 
between the geology of a region and the topographic forms there 
represented. The engineer engaged in mapping topographic 
forms soon perceives that districts having the same geologic history 
have certain characteristic features in common, whereas districts 
of diverse geologic histories may be distinguished by diflFerences 
in surface form. Contour maps show peculiar resemblances or 
peculiar differences, according as the regions mapped have 
developed along the same or different geological lines. 

There is a close relation between geology and topography, and 
the maker of topographic maps should have a clear appreciation 
of this relation and a thorough knowledge of the types of topo- 
graphic forms produced by the various geologic processes and 
structures. It is true that the engineer whose work is restricted to 
the mapping of small areas can afford to dispense with a knowl- 
edge of geology, for such a knowledge would hardly prove of 
practical benefit in making maps of city blocks or country farms. 
The engineer who reproduces large areas of the earth's surface, 
however, should have some xmderstanding of the conditions 
under which that surface was formed. 

The necessity for such knowledge on the part of the map 
maker becomes apparent when one considers the method of map 
making described in the preceding chapters. If it were possible 
for the engineer carefully to survey every contour line, locating 
every point along every line with accuracy, the map would be 

* This chapter was written by Professor Douglas Wilson Johnson of Harvard 
University. The drawings were made by Mr. Frangois E. Matthes, of the United 
States Geological Survey. 
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accurate whether the engineer had a knowledge of geology or not. 
One can make a fair copy of a thing that he does not understand, 
especially if he reproduces it on the same scale as the original. 
No map was ever made in this manner, for no map is a copy of 
the region it represents. Neither time nor money is available 
for such a method of map making. All maps are on a smaller 
scale than nature, and hence all require the omission of details, 
and a broad generalization of the features which are retained. 
In his effort to do the best that is practicable under the limitations 
imposed upon him the engineer will be greatly aided if he under- 
stands the things he has to generalize. One could hardly expect 
that a satisfactory abstract of a botanical report would be written 
by a man who had never studied botany. Neither can one 
expect that the most satisfactory map-abstract of land forms will 
be sketched by an engineer who knows nothing about land forms. 
In the practice of contour mapping, a number of points are 
located with a fair degree of accuracy, and the intervening areas 
are sketched. It is the introduction of the element of sketching 
that makes it necessary for the topographer to acquire a knowl- 
edge of land forms, if he would produce the most satisfactory 
map. In the first place, as has already been pointed out (p. 219), 

" Sketching contours on small scales where only a few points are accurately deter^ 
mined requires great skill on the part of the topographer. He must not only be 
able to accurately judge the slopes from the appearance of the country, but he must 
be familiar with the characteristics of contour maps of different topographic forms." 

The topographer who is familiar with the kind of slopes which 
characterize regions of alpine glaciation, for example, and who 
knows the general characteristics of maps of such regions, will 
have a distinct advantage over the topographer who knows 
nothing of land forms, if both are assigned to work in a district 
formerly dissected by alpine glaciers. The man of broader 
training will know what to expect as to relations between diflFerent 
slopes and the behavior of streams, and in drawing his general- 
ized sketches will have constantly in mind the essential relations 
which a truthful map should represent. His practiced eye will 
quickly detect features less readily observed by an untrained eye. 
Other things being equal, he can in a given time detect and 
represent on his map more of the essential elements of the topog- 
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raphy than can his companion of more limited knowledge. A 
map of a given degree of accuracy can be produced by him more 
quickly than by his companion. The increased efficiency of the 
man of broad training makes possible a saving in time as well as 
a higher standard of work. . 

In the second place, it is not possible to represent on a small- 
scale map all the features that one recognizes in a region. In 
sketching, the topographer must decide how much to put in and 
how much to leave out. In most landscapes there are many 
small or minute features which are not critically important, and 
others, also small in size, which give a key to the whole topog- 
raphy. The intelligent topographer will select the most signifi- 
cant features for his sketch, omitting the unessential details. 
The topographer who is ignorant of the relation of geology to 
topography will have no means of determining what is significant 
and what is not. It is not merely a question of representing the 
biggest things and omitting the small things. On hills of the 
same altitude some changes in slope arc critically important, 
while others are not. The topographer must decide which to 
represent, if he finds it impracticable to take equal account of 
all. Only the intelligent topographer can make an intelligent 
selection. 

The truth of the principles outlined above is attested by those 
who have had wide experience in topographic work. Henry 
Gannett, for many years the director of the topographic branch 
of the United States Geological Survey, is the author of a ** Manual 
of Topographic Methods," from which the following paragraphs 
are quoted. 

" Sketching is artistic work. The power of seeing topographic forms in their 
proper shapes and proportions and of faithfully transferring these impressions to 
paper is one of the most difficult acquirements to obtain. The difficuhy is increased 
by the necessity of expressing form by means of continuous contour lines at fixed 
intervals. This work involves knowledge of the elements of structural geology 
and good judgment in appl>'ing them. 

" Whatever its scale may be, every map is a representation reduced from nature, 
and consequently there is more or less generalization. It is therefore impossible 
to make any map an accurate, faithful picture of the countr>' it represents. More- 
over, the smaller the scale the higher must be the degree of generalization, and the 
further must the map necessarily depart from the original. 

" Now, it is in this matter of generalization that the judgment of the topographer 
is most severely tested. He must be able to take a broad as well as a detailed view 
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of the country, he must understand the meaning of its broad features, and then 
must be able to interpret details in the light of those features. Only such a man is 
competent to make just generalizations and to decide what details should be omitted 
and what preserved, and, where details are omitted, what to put in their places in 
order to bring out the dominant features." * 

In an address before the American Society of Civil Engineers, 
Professor John C. Branner, who has employed many topog- 
raphers, emphasized the relation of geology to topography. 
The following quotations make clear the conclusions he reached 
as a result of his experience. 

" * We see, according to the light that is within us.' One cannot picture a sub- 
ject he has not studied. However skilled a draftsman or artist may be in the 
technique of his art, unless he understands the animal or plant he has to draw, he 
cannot make a correct picture of it. In topographic representation this is equally 
true, and it is the more important because a large part of every map must be sketched 
in, and this sketching cannot be done properly unless he who does it knows what 
ought to be there. Unless the topographer knows what to look for he doesn't 
find it, or he finds only a part of it. This statement is based on no small amount 
of experience of this fact. It has been the author's duty to employ many topog- 
raphers, and all his experience of their work has but confirmed this opinion. 

" It is of the utmost importance to the topographer that he should know what 
kind of topography to expect, and, to this end, the more he knows of the materials 
in which topography is cast, and of the agencies that shape it, the clearer will be his 
insight, the less the waste of time and energy will be, and the truer will be his repre- 
sentation of the relief." t 

Facts of field experience might be multiplied to show the need 
of a knowledge of land forms on the part of the topographer. 
The contour maps made by the topographic branch of the United 
States Geological Survey are prepared as a base for the geological 
maps of the coimtry. Since one of the chief objects of making 
the map is to aid in the representation of geological facts, it is 
evident that the map must correctly express the relation of the 
topography to the geology. If the geologist finds, when he goes 
into the field, that the topographer who preceded him has not 
produced a map which shows this relation correctly, he may be 
compelled to postpone his work until the map is corrected. A 
number of areas have had to be remapped because the intimate 
relation of geology and topography was not properly portrayed 
on the maps first made. 

* Bulletin of the United States Geological Survey, 307, p. 84. 

t Proceedings of the American Society of Civil Engineers, 1897, pp. 474-5. 



250 RELATION OF GEOLOGY TO TOPOGRAPHY [Chap. VH. 

The need of a knowledge of land forms as a guide to mapping 
is likewise appreciated by the practical topographer at work 
in the field. Constantly dealing with the features of nature's 
handiwork, he comes to wonder how those features were produced. 
He observes certain evidence that definite laws are in operation, 
and finds in different regions certain similarities of topographic 
fornu From such observations it is but a short step to the 
desire for definite rules regarding topographic relations, and as 
Branner remarks, 

" There is a constant demand, among those who have not devoted much time to a 
study of the subject, for short and simple empirical rules for topography.'* 

Indeed, such rules have been coined by the topographer, based 
on his experience in mapping one or more regions. Tested in 
other regions the rules prove of no value, or even misleading; 
for they are based on limited observations in regions of some one 
geological structure or similar geological history. The coining 
of such rules, however, proves two interesting facts: first, that 
there is a demand on the part of practical topographers for a 
knowledge of the laws of land forms; and second, that there is 
danger in substituting empirical rules for a broad knowledge of 
land forms in general. As Branner has summed up the matter, 

" There is not, and cannot be, a fixed rule for all topographic forms, and ... in 
order to understand topography one must understand geology." 

In closing this part of our consideration I wish to quote the 
words of a well-known topographer and inspector in the topo- 
graphic branch of the United States Geological Survey, Mr. 
Franfois E. Matthes. Writing in " Science," he says: 

" Most topographic maps give little more than an imperfect, incomplete picture of 
the relief. Others again are overburdened with unnecessary, irrelevant details. 
Some actually amount to misrepresentations, even though they be the product of 
sincere and painstaking effort. The topographer is to-day and always has been 
more or less uncertain as to the matter of detail. Both in the selection of scale and 
contour interval, and in the actual field sketching he is at a loss to dedde which of 
the smaller topographic units he must show, and which he must leave out. He 
needs, in short, criteria to guide Him where to draw the line." * 

♦ Sdence, New Series, Vol. XXVII, p. 146. 
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Some consideration may properly be given to the use to be 
made of topographic maps. Reference has already been made 
to their employment as a base for geologic mapping, and it is 
clear that for this purpose the maps must properly represent the 
relation of the topography to the geology. In technical and 
scientific enterprises of many kinds, whether governmental, 
state, or private, contour maps which accurately represent the 
topography of the regions imder investigation are absolutely 
necessary. The importance of accurate maps in such work is 
too evident to require special emphasis. Contour maps are now 
being used in increasing numbers in our schools and colleges as 
important aids to the study of geology and physical geography. 
Lists of the best maps representing land forms of diflferent types 
have been prepared for the use of the schools by teachers of 
geography, and by the Government. Here, also, the maps must 
represent the physiographic features of the lands with fidelity, 
if the study of the maps is to be successful. Professional students 
of land forms make constant use of good contour maps, but find 
broadly generalized, mechanically sketched maps practically 
worthless. This class of students, however, is relatively small. 
But no matter what use is made of a map, accuracy is a most 
essential element of its value. The engineer planning a reservoir, 
or laying out a railway route, may not be interested in the geologi- 
cal history of the region, but he does want a map representing 
the facts of present form. It is as an aid to seeing the facts 
quickly and representing them accurately that a knowledge of 
land forms is of the most practical value to the topographer. 

A word of caution may well be added. Just as no amount of 
technical skill will enable the topographer to profitably dispense 
with a knowledge of land forms, so no amoimt of geological 
knowledge can take the place of technical skill. A geologist 
may make a map, but unless he be a topographer as well his 
map will abound in technical errors. So, too, a topographer 
may make a map free from technical errors, but unless he has had 
a geological training he cannot produce the most expressive 
representation of land forms. An unusual degree of technical 
skill may enable the topographer with no geological training to 
produce a map of high standard. Good maps have been thus 
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produced. But this fact does not argue against the need of 
geological training by the topographer. Had that technical 
skill been combined with a broad knowledge of land forms it is 
only fair to expect that a still more expressive and sympathetic 
map could have been produced, and that a saving in time and 
money could have been effected by the better equipped man. 
The ideal topographer is one who combines high technical 
ability with a broad knowledge of the earth's surface features. 

There is danger, also, that the topographer with a slight 
knowledge of land forms may think he sees things which do not 
exist, and thus be influenced in his sketching to make erroneous 
representations. As in other branches ** a little knowledge is a 
dangerous thing." The danger is a real one, but the remedy 
lies not in abstaining from all knowledge, but rather in gaining a 
broader and more thorough knowledge. 

Attention may now be given to certain general points which 
should be considered by the maker of contour maps; and also to 
a few examples of maps which do or do not express the facts of 
form in the region mapped. Brief consideration is given to the 
relation of geologic structure and geologic history to the forms 
in question. In order to emphasize the different effects obtain- 
able from contours alone, streams and other features are omitted. 

223. Map Expression. — One of the most frequent difficul- 
ties with contour maps is of a general rather than of a specific 
character. The maps are marked by broadly generalized con- 
tours with uniformly graceful curves, producing an effect of 
indefiniteness which is often described by saying that the map 
" lacks expression." It seldom, if ever, happens that a portion 
of the earth's surface is so devoid of expression as such a map 
would indicate. Even where a land form is maturely dissected 
by broadly open ravines, and the interstream areas are well 
rounded, there are usually changes in slope which are critically 
important, and which give " character " to the country. These 
relations are apparent to the topographer trained to recognize 
them and to appreciate their significance, but are lost to one who 
sees nothing in the landscape but a series of meaningless hills 
and valleys. Fig. 82 represents the contours of a map lacking 
in expression. 
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Fig. 82. An Expressionless Contour Map. 




Fig. 83. Contour Map Showing Unnatural Angularity. 
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In general, nature fashions the surface of the earth on irregu- 
larly curving lines, not on regular curves, nor on straight lines and 
sharp angles. As indicated in the preceding paragraph, a map 
which is characterized by broadly rounded, evenly curved con- 
tours may safely be regarded as inaccurate. So, also, a map in 
which the contours are straight for long distances, and then bend 
in sharp angles (Fig. 83), may safely be considered as not repre- 
senting the true character of the topography. Some degree of 
angularity may be expected where the drainage of the region is 
joint-controlled or fault-controlled. Such angularity is usually 
quite local, however, and not nearly so pronounced as a map like 
Fig. 83 would lead one to suppose. 

224. SELECTION OF SCALE AND CONTOUR INTERVAL. — " The 
value of a map as a means of representing land forms depends 
upon two factors: selection of scale and contour interval, and ability 
on the part of the map maker to express topographic character." 
We have already seen that the ability of a topographer properly 
to represent topographic characterdepends in part upon his knowl- 
edge of the relation of geology to topography. It is also true 
that the selection of a proper scale and contour interval is in part 
dependent upon a thorough knowledge of land forms. It too 
often happens that the principal factors taken into consideration 
in determining the scale and contour interval for a map of a 
given region are the cost per square unit, the funds available, 
the degree of cultural development of the region to be mapped, 
etc. Such factors may necessarily control the selection in many 
cases, but if the best results are to be secured it is essential that 
definite physiographic criteria should be considered in this 
connection. The object of the topographer should be to produce 
a map that will show the essential topographic features of the 
region as economically as possible. If the representation of 
land forms alone is considered, the cost may be excessive. If 
economy alone is considered, the map may fail to properly 
represent the region. The topographer must understand the 
essential features of the region so thoroughly that he can intelli- 
gently decide what is the smallest scale and largest contour 
interval which will truthfully represent these features. Such an 
understanding must be based on a knowledge of the relation of 
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geology to topography. The triangular facets which terminate 
the spurs along the face of a fault-block mountain range are 
critically important points in that type of mountain topography. 
Too small a scale and too large a contour interval would prevent 
even an intelligent topographer from showing these facets. Too 
large a scale and too small a contour interval would show a great 
mass of other details not essentially important, and would thus 
lead to a wasteful expenditure of time and money. An intelligent 
selection will permit the map to show essential features and yet 
come within the bounds of economy. 

225. Texture of Topography. — A study of land forms 
reveals the fact that their dissection by streams may be accom- 
plished in either of two ways: by streams whose branches are few 
in number, each branch draining a relatively large portion of the 
country; or by streams which branch indefinitely, each of the 
numberless small branches having a very small drainage basin. 
In the one case, the interstream areas are large, the contours 
have few reentrants, and the topography as a whole appears 
large featured, or " coarse textured." In the other case, the 
interstream areas are exceedingly small, due to the indefinite 
ramification of the drainage lines, the contours have many 
reentrants, and the topography is said to be " fine textured." 

Coarse and fine texture do not occur indiscriminately over the 
earth's surface, but are controlled in their development by 
certain definite factors, among which may be mentioned: the 
character of the country rock, the character of the climate, the 
age of the land form, and the number of erosion cycles through 
which it has passed. A region of fine-grained, unconsolidated 
rocks, which has a climate so arid that there is little vegetation 
to form a protecting cover, will possess a fine texture during 
youth and early maturity, although it may lose some of its fineness 
in later stages. A region of resistant rocks, in a humid climate, 
will probably maintain a coarse texture throughout its erosion 
cycle, since drainage channels are not readily eroded by the 
smaller branch streams when the rocks are resistant and pro- 
tected by vegetation. In like manner other factors help to 
determine the texture of the topography in any given region. 

The topographer who sees no special significance in minor 
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branch ravines, who is anxious to complete the map with the 
smallest possible expenditure of time and money, and who finds 
it possible to locate with accuracy the position of only the larger 
drainage lines, may be tempted to omit entirely the minor 
branches, and produce a map on which the contours are broadly 
rounded and generalized, giving a coarse textured topography 
as in Fig. 84. The better trained topographer, realizing the 
full significance of the minor facts of form, although limited like 
the other as to available time and money, can nevertheless sketch 





Fio.84. Coarse Textured 
Topography. 

(Same Area as Fig. 85, poorly mapped.) 



Fig. 86. Fine Textured 
Topography. 



a more expressive representation of the areas between the larger 
drainage lines, thus showing the fact that the region is fine 
textured (Fig. 85). Even if the limitations imposed on the 
better topographer make it absolutely impossible for him to 
determine the number and location of the smaller branch ravines, 
his map shows the fact of their existence, is a more truthful 
representation of the kind of land form mapped, and is more 
valuable to any one who appeals to the map for information 
about the region represented. 

226. Enlargement and Reduction.— The apparent texture 
of a region is misrepresented by the enlargement of a contour 
map. If a map is made by the topographer on the scale ^Tihisjjy 
and then enlarged to the scale igjijsjSi the eflFect is to produce a 
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coarser appearing texture than that indicated by the original 
map. The topographer who is making a map on a given scale 
determines the amount of detail which he can profitably repre- 
sent on that scale, and makes his map accordingly. He will not 
be able to show as much detail on a scale of yuuVmr as on a scale 
of Firiffu, nor is he expected to do so. But if he works on a 
scale of TirJiyiF, and shows only such detail as might be expected 
on a map with the scale ^^jhjsjsj he is open to criticism; because 
a large scale map with important detaik lacking suggests poor 
mapping. Enlarging a map from the small scale on which the 
work was well done to a larger scale on which better work is 
supposed to be done results in injustice to the topographer, and 
misleads the one who uses the map. 

227. Index Forms. — Associated with the surface features 
produced by any geological history are usually found certain 
forms so characteristic of that history that they serve as a key 
to the whole physiographic development of the region. These 
forms may be minor features of the landscape so far as size or 
prominence is concerned, but they are of prime importance as 
guides to the significance of the larger features represented. 
Inasmuch as these forms serve as an index of the history of the 
region, and aid us in interpreting the meaning of all the associated 
topographic features, it has been suggested by an experienced 
topographer that we call them " index forms." 

Triangular facets terminating the spurs of a mountain range 
along a straight base-line, regardless of rock structure, point 
strongly to a fault-block origin for the range, and under these 
circumstances may be regarded as index forms of block mountain 
structure. Circular rows of " hogbacks " are index forms of 
dome mountain structure, and enable us to distinguish between 
this type of mountain and a volcano. Cirques, U-shaped valleys* 
and hanging lateral valleys are index forms of glaciation, and 
serve to differentiate a glaciated region from one of normal stream 
dissection. The list of index forms might be prolonged indefi- 
nitely, but these examples will suffice to make clear the meaning 
of the term as understood by topographers. 

It is essential to good map making that the topographer should 
be able to recognize the different types of index forms when he 
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encounters them in the field, and that he should fully appreciate 
their significance. Not only will this insure his representing on 
the map those particular features which might otherwise be 
slighted in his sketching, but it will open his eyes to important 
field relations which would otherwise escape him. He is thus 




Fig. 86. Contour Map showing Triangular Facets. 

able to prepare a map which tells a truthful and consistent story, 
a map unencumbered by unnecessary details, yet lacking nothing 
essentially important. 

The difference between maps which make clear the index 




Fig. 87. Same Region as Fig. 86, Poorly Mapped. 

forms of a region and those which do not may be seen in the 
accompanying illustrations. Figs. 86 and 87 represent two 
sketches of a portion of the dissected fault face of a block moun- 
tain. One map makes plain the existence of good triangular 
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facets terminating the mountain spurs along the straight base- 
line of the range, while the other map most effectually obscures 
these index forms. 

The general form of a dome mountain readily distinguishes it 
from the block or folded type, but does not distinguish it from a 
volcano; for a maturely dissected dome mountain and a maturely 
dissected volcano may both have radial drainage, a rudely 
circular outline, and radially disposed ridges highest toward 
the center of the mass. The index forms which enable one to 
discriminate between the two are the hogbacks which encircle 
the dome mountain. When these are present the field observer 




Fig. 88. Submaturely Dissetted Volcano. 



can readily make the discrimination, even without a detailed 
study of the geology of the region. Where they are represented 
on a contour map the discrimination is as readily and almost, 
if not quite, as surely made by one who studies the map. If for 
any reason the hogbacks are not represented on the map, the 
student may remain in doubt as to whether the form is a volcano, 
a dome mountain with hogbacks worn very low or covered by 
alluvial fan deposits, or a dome mountain with good hogbacks 
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Fig. 89. Dome Mountain with ENaRCLixc Hogbacks. 




Fig. 90. The same Dome Mountain as in Fig. 89, Poorly Mapped. 
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SO poorly represented by the topographer that the existence 
of the hogbacks is concealed. If the hogbacks are really present, 
the desirability of the topographer's being able to recognize them, 
to appreciate their significance, and to record them on the map, 
is evident. In the accompanying figures the first sketch, Fig. 88, 
represents a sub-maturely dissected volcano, the second sketch, 
Fig. 89, a dome mountain with encircling hogbacks, the third, 
Fig. 90, the same dome mountain poorly mapped. It will appear 
that the poor sketch of the dome mountain might as well repre- 
sent a volcano, so far as any certain evidence of the index forms 
of dome mountain structure is concerned. 

The index forms of glaciation are so numerous and varied 
that we may profitably limit our consideration to those of alpine 
glaciation. Among the most prominent index forms of alpine 
glaciation are cirques, U-shaped valleys, hanging lateral valleys, 
alpine peaks, and lakes. A maturely dissected mountain range 
which has been glaciated is apt to show all these index forms. 
A maturely dissected mountain range which has never suffered 
glaciation shows none of them. On any good contour map of a 
mountain range it is easy to determine whether or not the range 
has been glaciated to any appreciable extent. Some maps are so 
generalized and imperfect, however, that the extensive glaciation 
of the region mapped is scarcely more than hinted at. There is 
usually a hint in the shape of one of the index forms of glaciation, 
i.e. lakes. The topographer recognizes a lake when he sees it, 
even if he does not recognize a cirque, U-shaped valley, hanging 
valley, or alpine type of peak. Accordingly the lakes in a gla- 
ciated region are usually represented if of any size, while the 
other features may be efifectually obscured. From the presence 
of the lakes the existence of glacial forms in a region has been 
detected by a study of maps which in other respects suggested 
normal stream erosion only. The accompanying map. Fig. 91, 
indicates that the region represented has been greatly modified 
by alpine glaciers, for the principal index forms of alpine glacia- 
tion, except the lakes, are sharply brought out by the contours. In 
contrast to this figure, another map of the same region. Fig. 92, 
is so far generalized that the hanging lateral valleys are lost, the 
alpine character of the mountain peaks is obscured, the U-shaped 
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Flo. 91. Contour Map showing Index Forms of Alpine Glaciation. 




Fig. 92. Same Region as Fig. 91, Poorly Mapped. 
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cross-profile of the main valley is poorly shown, while several of 
the cirques have lost their most essential characteristics. The 
first sketch makes clear the kind of land forms to be found in 
the region. The second does not. 

Alluvial fans are often formed on a large scale, as, for example, 
about the bases of moimtain ranges in the arid districts of the 
west. Each fan has its apex at the mouth of the canyon from 
which the alluvial material was derived. If the canyons are 
numerous and fairly close together, the different fans coalesce to 
form an extensive alluvial plain sloping gently away from the 
mountain. A careful examination of the plain, however, reveals 
the character of its origin, for the convex slopes of individual 
fans can be detected. This feature is most evident near the base 
of the range, but may be observed far down the slope where the 
individuality of the several fans is more nearly lost. 

A truthful contour map makes clear the origin of such a plain. 
Near the mountain base the individual fans are indicated by a 
distinct scalloping of the contours, while farther out the scallop- 
ing becomes less pronounced. The curves are .convex forward 
opposite the canyon mouths, showing the source from which the 
alluvial material of each fan came. The ori^n and significance 
of the relations are apparent to the trained topographer. But 
the slopes are often so gentle and the fans so extensive that one 
unfamiliar with land forms might easily fail to grasp the critically 
important points, and represent the plain as of uniform slope, or 
as gently undulating without any special relation between the 
higher areas and the canyon mouths. On such a map the true 
form of the plain is not apparent. The straight contour lines 
suggest slopes smoothed by marine action, while indefinitely 
undulating contours suggest low divides left by stream erosion 
rather than alluvial fans built up by stream deposition. The 
three sketches of Figs. 93, 94, and 95, all of the same region, show 
some possible differences between different maps of this tjrpe of 
topography. 

228. Physiography. — The foregoing illustrations are taken 
at random from the many types of land forms with which the 
topographer should be familiar. His range of knowledge should 
be sufficiently broad to include the principal topics treated in 
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that branch of geological science known as Physiography, or 
Topographic Geology. He must understand the structures 
involved in the formation of plains and plateaus, and the difiFerent 




Fig. 93. Contour Map of Alluvial Fans. 



classes of mountains, volcanoes, and constructional depressions, 
and must have a clear idea of the appearance of such land forms 




Fig. 94. Same Region as Fig. 93, Poorly Mapped. 

in their initial stages, before weathering, stream erosion, and other 
destructional forces have altered their appearance. The activities 
of weathering agencies, and of rivers, glaciers, waves, and winds 
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must be studied, in order to secure an understanding of the 
destructional forms they produce. These destructional forms 
themselves must be studied and described, in the field when 
possible, on the basis of good maps and photographs when they 
alone are available, imtil the topographer knows the appearance 
of these forms and the types of contours which represent them. 
The study of destructional forms due to river action should 
include valleys and gorges in different stages of development; 
alluvial fans and plains, flood plains, and terraces; entrenched 




Fig. 95. Same Region as Fig. 93, Poorly Mapped. 



meandering valleys, longitudinal and transverse valleys, uplifted 
and dissected peneplains; and other forms, both large and small; 
directly due to stream erosion on various structures in various 
stages of an erosion cycle. In the study of glaciation should be 
included cirques, (J-shaped valleys, hanging lateral valleys, 
alpine peaks, and lakes; terminal, medial, and lateral moraines; 
outwash plains, delta plains, eskers, kames, and drumlins. 
Wave-cut cliffs and benches, barrier reefs and lagoons, and the 
various types of bars and beaches should be among the shore 
forms studied. Sand dunes and their associated features should 
be considered in connection with the study of wind-made forms. 
To these general features produced by the destructional forces 
should be added those forms which occur onlv in connection 
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with the dissection of certain constructional forms; such are the 
concentric lines of hogbacks and annular drainage lines of dome 
mountains, the anticlinal valleys and synclinal ridges of folded 
mountains, and the cuestas and inner lowlands of coastal plains. 
The trained topographer, familiar with these and similar forms, 
possesses that combination of engineering skill and geological 
knowledge which is essential to the best map making. 
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CHAPTER VIII. 

HTDROGRAFHIC SURVBTINO. 

229. DEFINITION. — Hydrographic surveying is the term 
applied to the processes used in surveying any body of water. In 
the case of oceans or lakes this may include the determination of 
shore lines, soundings, characteristics of the bottom, location of 
buoys, etc.; the survey of a river may also include the deter- 
mination of the velocity and characteristics of the flow. In 
its broad sense the term may be applied to the survey of drain- 
age areas and proposed reservoirs for the storage of water. 

SHORE UNB 8URVETS. 

230. Shore line and Stream Surveys.— The shore line of 
a body of water may be surveyed by running a transit and tape 
traverse at a convenient distance from the water and locating the 
shore by ofiFsets measured with a tape from the traverse line at all 
points where there is a noticeable change in the direction of the 
shore line. 

Surveys of such irregular lines, however,, are often made by 
first establishing instrument points by traverse or by triangulation 
and filling in the details by the Stadia or the Plane-Table Method 
(Chapters IV and V), as the work can be done more rapidly and 
economically by these methods. If a traverse is used for the 
control it may be run out by means of the transit and tape, or it 
may be made a stadia traverse and run at the same time that the 
side shots are taken to locate the details. 

In surveying a river whose width is too great for accurate stadia 
measurements it is necessary to run traverse lines on both banks 
and to locate each shore line by side shots from its traverse line. 
As a check on the survey it is well to connect the traverse lines on 
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each side of the river by occasionally measuring angles to transit 
points in the traverse on the opposite bank. But where the river 
is not over half a mile wide the opposite bank can be located, 
within 5 to lo feet under favorable conditions, by stadia distances 
from the transit line, or by occasional intersections from adjacent 
transit points. 

It is frequently advisable to make no attempt to run a traverse 
which will follow very closely every turn of the shore or river; 
small auxiliary traverses composed of short courses may occasion- 
ally be run around the arm of a lake or the bend of a river while 
the main traverse shoots directly across it. The stadia method 
has great advantages over the transit and tape for locating a shore 
line, because the distances to inaccessible points across the 
water or over the brush along. the shore can be readily measured 
by this method. If the survey covers a long stretch of shore line, 
and especially if great accuracy is required, it should be based on a 
system of triangulation executed with whatever accuracy the 
work itself demands (see Chapter I). 

231. Shore Lines of Harbors, Lakes, and Rivers.— 
Unless a body of water is long and narrow, and conditions along 
the shore are favorable for a survey by traverse, it will usually be 
found desirable to use a system of triangulation as a basis of the 
survey, supplementing this with stadia and plane-table work. An 
excellent method which gives accurate results is first to run out 
a system of triangulation with the transit and then to plot the 
stations on a plane-table sheet, using the plane table to fill 
in the details. 

In planning a system of triangulation where stations occur on 
opposite banks of a body of water it must be possible to see 
between successive stations on one shore or the other in order to 
complete the system. For example, in Fig. 96 it is evident that 
xmless a sight can be taken from 5 to 7 or from 6 to 8 the com- 
putation or plotting of the system cannot extend farther than line 
5 — 6. It is obvious in Fig. 97 also that the system stops on line 
4 — 5 unless a sight can be taken from 4 to 6 or from 3 to 6. 

It is not usually economical to locate shore lines of lakes by 
traversing around them, owing to the difficulties presented by 
natural obstructions, such as woods. It may be necessary, how- 
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ever, to supplement the triangulation and plane-table work by 
side traverses, in order to secure the necessary details in bays or 
irregular inlets. 





Fig. 96. 



Fig. 97. 



232. The following device for extending triangulation along 
a shore line has been used by the U. S. Lake Survey. A series of 
triangles is established along the shore, the base of each triangle 
being a line between points on land, while the vertex of each 
triangle is a movable point on the water. In Fig. 98 the points Ay 
5, C, and D arc instrument stations on shore; the length oiAB 
is known and the positions of C and D are desired. The point 
E represents some signal on a boat which can be seen from the 
stations A, 5, and C on the shore. With instruments at i4, 5, and 
C the point E (the signal on the boat) is located by angles taken 
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simultaneously, the observations being made according to some 
definite program; for example, the angles may be taken at the 
instant thai the steam appears when the whistle is blown. The 
three angles so taken constitute a set, and several of these sets of 
angles are usually taken to secure the required accuracy. From 




Fig. 98. 

each set of angles the length of BE may be computed from that of 
A By and BC may be computed from BE. In this way an inde- 
pendent value for the length of BC is obtained for each set of 
observations. In a similar manner CD may be computed from 
BC by means of the new position of the boat at F. If the work 
is carried on in winter, targets set on the ice may be used instead 
of a boat. Points can be located in this way with suflScient 
accuracy for secondary or tertiary triangulation. 

233. River and Lake Survejrs in Winter. — Some surveyors 
prefer to make river and lake surveys during the winter season, 
when the ice can be utilized for both triangulation and traverses. 
It is doubtful whether on the whole this is more economical than 
summer work, owing to the unfavorable weather conditions, preva- 
lence of snow on banks, difficulty of securing permanent points, 
etc. It is true, however, that soundings may be made more 
rapidly and cheaply through the ice than in open water (Art 276, 

P- 305)- 

2340 Ocean Shore Lines. — The shore line of the ocean or any 
other body of water which is affected by tidal action is usually 
taken as the line of average high tide. When this line is to be 
located with precision (as when the shore line defines a boundary) 
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it is impossible to judge with sufficient accuracy the position of 
the high water line from the deposited refuse or weather marks on 
the rocks. It becomes necessary in such cases therefore to 
determine by tidal observations (see Vol. I, Art. 237, p. 211) the 
elevation of mean high water and to locate points on the shore at 
that elevation. A line connecting these points is the shore Une at 
mean high water. 

These points may be determined just as any single contour line 
is run out, by a leveling party working with, or just in advance of, 
a transit party, the latter locating the points which have been 
marked by the leveling party. Such work can also be readily 
carried on by one stadia party, and this is the method most 
commonly employed. In using this method the transitman levels 
the telescope, and the rodman moves up or down the bank until 
the proper rod-reading is obtained; the rod is then located by an 
azimuth and stadia distance, both of which are recorded in the 
note-book. 

In order to avoid locating unnecessary points the rodman 
chooses only those points where the shore line changes its direction. 
The levels should be checked occasionally on bench marks pre- 
viously established ; large errors in level, however, may be detected 
by noticing the position of each located point with respect to the 
water surface or to the line of deposited refuse. 

For maps on a scale of i-^q-^s or smaller it is usually possible to 
run in the shore line with sufficient accuracy by stadia, judging 
the position of the high water line from the appearance of the 
drift along the shore; where the slope of the shore is very flat, 
however, elevations may be required. It is always necessary to 
bear in mind the scale of the map to be produced, in order that 
useless refinements of measurements and observations may be 
avoided and a saving in both time and cost effected without sacri- 
ficing accuracy. 

235. Contour Surveys of River Banks. — Surveys made for the 
purpose of investigating water resources frequently include the 
topography of the banks of a river, the fall of the water surface 
between successive points, etc., in addition to the location of the 
shore lines. In such cases the general methods of procedure are 
like those previously described for locating shore lines (Art. 231, 
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p. 268), but in addition a line of levels must be carried along as 
a basis for the determination of contours. Levels are taken on 
the water surface at the head and foot of rapids and wherever it 
is necessary to determine changes in slope of the water surface. 
The places where these level readings are taken should be located 
with reference to the transit line. The bank contours may be 
sketched in, using the transit line and the levels as a basis, or if 
greater accuracy is desired they may be located by stadia or by 
plane table. In a river survey it is often sufficient to determine 
contours on the bank for an interval of 5 or 10 feet, while water 
surface contours should be shown for differences of, say, one foot. 

236. Contour Surveys of the Shores of Lakes and Ponds. — 
Surveys of the shores of lakes are chiefly required in projects 
involving a change of pond level, usually where it is desired to 
ascertain the effects of raising the water level to obtain a greater 
pondage. Such a survey will be essentially a shore line survey 
as described in Art. 231, p. 268, with enough additional work by 
plane table or stadia to give contours covering any probable 
change in pond level. Frequently the only contour that is run 
out in addition to the shore line is the proposed high water line. 
Usually the plane table suffices in this work, but occasionally a 
spur traverse must be run with a transit to cover flowage of a low 
area, this added information being plotted on the plane-table 
sheet from the transit notes. This work may be done roughly 
by sketching in the contours, using the water surface as a datum 
for elevations and taking distances from the shore line for locating 
the contours. In following out this method it may be necessary 
to set up a gauge somewhere on the pond, to be used in correcting 
for any fluctuations in the level of the water surface. 

237. DRAINAGE AREAS AND STORAGE BASINS. — Surveys to 
determine drainage areas or the capacity of storage basins before 
filling with water are usually topographical surveys v^hich, if 
made with the transit and tape, are carried on as has been 
described in Vol. I, Chapter X; or, if made by the stadia or plane- 
table methods, they are conducted as described in Chapter IV 
or V of this volume. 

After the contours have been plotted the drainage areas can be 
readily sketched (see Vol. I, Art. 299, p. 273). Also the shore 
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line of the proposed reservoir can be sketched on the topographic 
map as soon as the elevation of the spillway of the dam has been 
determined. 

Usually it is found that existing maps of the country, e.g., the 
topographical maps of the U. S. Geological Survey or of some 
state survey, are sufficiently accurate for the purjxjse of studying 
the drainage area, but for construction purposes and for accurately 
determining the capacity of the reservoir it is necessary to run 
out the shore line and to take any measurements needed in com- 
puting the volume of water which the reservoir will hold. 

The elevation of the spillway, having been decided upon, 
determines the height of the water surface in the reservoir, and 
the survey of the shore line of the reservoir then becomes merely 
the problem of determining the position of a single contour line 
on the ground. This can be rapidly and satisfactorily done by 
means of the stadia as explained in Art. 234, p. 270. 

The capacity of the reservoir can be calculated from data taken 
in various forms. For instance, a topographical survey of the 
entire area of the reservoir may be made and the volume calcu- 
lated by the End Area Method by using the areas of the successive 
contour planes as bases of vertical prismoids, as is described in 
Vol. I, Art. 375, p. 344. Or the reservoir may be cross-sectioned 
into horizontal squares or rectangles as described in Vol. I, Art. 
227, p. 206, and the volume calculated by the Borrow Pit Method, 
as shown in Vol. I, Art. 373, p. 242. Still another method is to 
take vertical sections across the reservoir site and compute the 
volume by the End Area Method, using each vertical cross- 
section as a base of a horizontal prismoid. The areas of these 
vertical sections (or of the horizontal contour planes in the first 
case) may be readily determined after being plotted to scale, by 
the use of the planimeter which is described in Appendix B of 
Volume I; or this area may be determined approximately by 
placing over the drawing a piece of tracing linen which has been 
divided into small squares and counting the number of whole 
squares and estimating the fractional parts of squares contained 
in the area. 

238. APPRQXIlfATE SURVEYS OF LAKES OR WIDE RIVERS. — 
An approximate survey of a lake or a wide river may be rapidly 
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made with a small traverse table (Art. 203, p. 221) by measuring 
a base-line at the beginning of the sur\'cy and then canying on 
the location of other points on the shores by intersections, virtually 
extending a system of graphical triangulation. Details of the 
shore line may be sketched in, and also the approximate position 
of contours near shore if desired, by using a hand level and by 
pacing the distances (Art. 307, p. 278, Vol. I). A good check on 
this graphical triangulation may be obtained by occasionally 
measuring another base-line with the tape where convenient; or, 
where it is impossible to measure a long line on shore, a base may 
be obtained indirectly as follows. A short base-line, say 100 to 
300 feet long, is measured off in some suitable place along the 
shore, so as to form a right angle with a line to a third point across 
the pond, this distance across being the line which it is desired 
to use as a base; this distance may be computed after measuring 
with a sextant * the small angle at the third point subtended by 
the measured distance. If this angle is small it may be desirable 
to correct the computed distance for the position of the vertex. 
(See Art. 250.) Two men with a small sextant, traverse table, 
tape, and hand level can make such surveys very quickly and 
procure valuable results for preliminary investigations. 

Natural objects along the shores, such as prominent trees, 
buildings, etc., can often be used for intersection points, so thai 
few, if any, additional signals will be required. A scale of about 
2000 feet to an inch is suitable for work of this nature. 

THE SEXTANT. 

239. General description. — in addition to the instruments 
employed in land surveying, the Sextant (Fig. 99) is frequently 
used in hydrographic surveying. It is an instrument which, 
unlike the transit, is adapted to measuring angles in any plane. 
The frame of the instrument is in the form of a sector whose arc 
is 60 degrees, or the sixth part of a circle, from which its name is 
derived. It is constructed, however, in such a way that angles as 



♦ If a small transit is ust^d instead of a sextant, it may be found convenient to 
moasurt* the base-lines across the water surface by stadia. By taking the mean 
of st^veral readings the distance across a pond half a mile wide can be measured 
within about 5 feet. 
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large as 120 degrees can be measured. Owing to the fact that it 
can be used by an observer who is on a moving object, such as a 
boat, it is especially valuable for hydrographic work. It is 
employed not only for taking angles from a boat in locating sound- 
ings but is also in common use for making astronomical observa- 
tions which are necessary in determining the latitude, longitude, 
and time at sea. 

The frame ABI (Fig. 99) is usually of brass, on the under side 
of which is attached the wooden handle D. Tlie index arm IE 




Fig. 99. The Sextant. 



is pivoted at /, the center of the arc AB, and this arm can be 
swung around / as a center so that the vernier V which is fastened 
to this arm can pass from i4 to 5 on the arc (or limb) and can be 
set at any position on the arc by means of the clamp C and tangent 
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screw T. At / is a plane glass mirror called the index glass; it is 
attached rigidly to the index arm and perpendicular to the plane 
of the sextant, its reflecting surface being over the pivot about 
which the index arm revolves. Rigidly attached and perpendicular 
to the frame of the sextant is the plane horizon glass H, the upper 
half of which is transparent, while the lower half is a mirror; this 
glass is set so that its plane is parallel to the index glass when the 
vernier is set at o°. The telescope is at F; it is screwed into 
the ring R, which has a motion perpendicular to the plane of the 
sextant so that the distance from the telescope to the plane of 
the arc can be varied. At 5 is a magnifying glass for reading the 
vernier. K and L are colored glasses which are hinged so that 
they can be swung around the pivot into the path of the rays of 
light to protect the eye of the observer in making observations 
on the sun. There are three short metal legs on the imder side 
of the frame of the sextant on which the instrument may rest 
when not in use. 

The limb i45 is graduated into spaces which are really half- 
degrees, but on accoxmt of the construction of the instrument each 
of these is marked as a whole degree so that the scale has an ex- 
tent of 1 20 degrees.* The graduations are so subdivided that the 
angles can be read in most instruments to 10 seconds; in some 
of the smaller instruments the vernier reads only to half-minutes. 

In the ordinary sextant the arm IE is from 5 to 8 inches in 
length. A pocket sextant having an arm about 2 inches long is 
very convenient for reconnoissance surveys and for filling in the 
details of more accurate surveys. 

Most sextants are provided with both a low power and a high 
power telescope (usually with an inverting eyepiece) and with 
a plain tube. Some instruments have telescopes with large 
objectives for night observations. For some kinds of work, 
however, such as locating soundings, the sextant is used without 
the telescope. 

240. The Quadrant. — The Quadrant is an instrument similar 
in every respect to the sextant, except that its limb is an eighth 

* The scale is usually extended several degrees beyond 120 in order that the 
vernier may be read when the angle is about 120 degrees. It also extends a 
deg^ree or two beyond the o® mark so that, the index error may be determined. 



PRINCIPLE OF THE SEXTANT 



277 



(not a quarter) of a circumference, and it is therefore capable 
of measuring angles up to 90 degrees. To be consistent with the 
term "sextant" this instrument should have been called an 
"octant." The quadrant is very little used at the present time. 
241. Principle of the Sextaht. — In Fig. 100 the index glass 
is at /, the horizon glass at Hy and the eye at O. AB represents 




Fig. 100. Principle op the Sextant. 



the arc. Suppose the angle to be measured is between two flag- 
poles, C and D. A ray of light coming from D passes through 
the upper (transparent) part of the horizon glass H to the eye at 
O. A ray of light from C strikes the silvered index glass / and is 
reflected along IH\ the lower part of the horizon glass (silvered 
portion) then reflects the ray along HO, so that both objects D 
and C can be seen at the same instant, the point D appearing 
through the transparent part of i? to be in line with, or practically 
to coincide with, the point C as seen in the silvered portion of H, 
If the arm VI is moved the line IH will move until it is oflF the 
horizon glass; it is evident therefore that there is but one position 
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of the arm YI where /// will intersect the horizon glass at a point 
in the Hne OD. Bringing the image of C (by moving the arm) 
so that it appears on the horizon glass in coincidence with the point 
D constitutes an observation with the sextant. When this is 
done the angle COD is read; it is represented by the arc NV as 
shown below. 

The theory of the sextant is based upon the simple physical 
law that when a ray of light is reflected from a plane mirror the 
angles of incidence and reflection are equal. In Fig. loo the 
two angles marked a are equal, and also the angles marked ^. 

In the triangle 01 H 

angle O = CIR - IHO =2a-2^ = 2(a-^) 

In the triangle ElK 

angle E == FIH - IHE = a - /? 
.'. Angle 0=2 angle E 

If IN represents the position of the index arm when N is at 
o°, then, since IN is parallel to the horizon glass, the angle E 
equals VIN. But VIN is the angle passed over by the vernier 
from the o° mark, and as the half-degree spaces on the circle AB 
are marked as whole degrees the angle O is read directly from the 
arc AB. 

242. Adjustbients of the Sextant. — To Make the Index 
Glass Perpendicular to the Plane of the Sextant. — Set the arm at 
a reading near the middle of the arc, then look into the index glass 
and observe if the image of the arc as seen in the index glass 
appears to form a continuous arc with that portion of the limb 
itself which is seen directly. This will be the case if the index 
glass is perpendicular to the plane of the sextant. If the arc 
appears to be bent at the edge of the mirror the index glass is not 
perpendicular to the plane of the sextant; if the image appears 
above the arc the mirror is leaning forward; if below the arc the 
mirror leans backward. It should be adjusted by loosening the 
screws on the back side at the base of the index glass, sliding a thin 
piece of paper between the frame of the index glass and the arm, 
and then tightening the screws. This process should be repeated 
until the adjustment is perfected. 
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243. To Make the Horizon Glass Perpendicular to the Plane of 
the Sextant. — With the sextant held in a horizontal plane, sight 
on a distant horizontal line such as the sea horizon or the roof of 
a building. If the reflected image of this horizontal line as seen 
in the mirrored portion of the horizon glass does not coincide with 
the image as seen through the clear portion, then the horizon 
glass should be tipped forward or backward by means of the 
adjusting screw on the back. Some instruments have no adjust- 
ing screw, in which case the holding screws are loosened and 
a slip of paper is pushed in under the frame of the horizon glass 
and the screws again tightened. 

244. To Make the Horizon Glass Parallel to the Index Glass 
When the Vernier reads 0°. — After the two previous adjust- 
ments have been made set the vernier exactly on 0°, and while 
looking through the telescope and the transparent portion of the 
horizon glass at some well-defined point, such as a distant church 
steeple or a star, observe if the doubly reflected image of this 
same point in the lower portion of the horizon glass coincides with 
the direct image. If it does not, the horizon glass must be 
adjusted by means of adjusting screws at its base so that it will 
stand this test. 

245. Index Correction. — In some instruments there is no 
provision for making the preceding adjustment of the horizon 
glass, in which case the two images of the same point are brought 
into exact coincidence and the vernier is then read, giving what 
is called the index correctioUy which is to be applied to every angle 
that is read. This cannot be accurately obtained unless the 
index and horizon glasses have both been made perpendicular to 
the plane of the sextant. Even though the horizon glass can be 
adjusted for index error this error is frequently so small that it is 
not worth while to actually make the adjustment, but the error is 
determined and applied as a correction whenever the required 
precision of the results demands it. 

If it is necessary to obtain the index correction accurately it 
may be determined by means of an observation on the sun. The 
sun and its reflected image are brought so that they are just 
tangent to each other, one appearing directly beside the other, 
and the vernier is read. The index arm is then moved so that 
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one image moves past the other and becomes tangent to it on the 
other side, and the vernier is again read. One of these readings 
will fall on the arc while the other will fall beyond the o° point. 
Half the diflFerence of the two vernier readings is the index correc- 
tion, which is plus if the reading beyond o° is the greater. It will 
be found that the contacts can be judged much more accurately 
if different colored shades are used for the two images, and that 
the contacts can be made more exact if one of the telescopes is 
used. 

Care must be taken to observe whether this index correction is 
plus or minus and to apply it correctly to the measured angles. 

246. To Make the Line of Sight of the Telescope Parallel to 
the Plane of the Arc. — The telescope usually contains two hori- 
zontal and two vertical hairs forming a small square; the images 
of the objects between which an angle is to be measured are 
brought into the center of this square. 

Set the sextant on a table, sight through the telescope, and mark 
a point 20 or 30 feet away which shall apjjear in the center of the 
square formed by the cross-hairs. Then take two small pieces 
of wood, which are practically equal in height to the height of 
the center of the telescope above the plane of the sextant, and 
place one of these, pieces of wood on top of the arc near the zero 
end and the other piece near the other end of the arc. Sight 
across the tops of these wooden sights toward the mark already 
made when looking through the telescope. The line of sight 
across the tops of the pieces of wood should coincide nearly with 
the mark. A difference of half an inch at a distance of 20 feet 
will make an error of only about a second in the angle measured 
with the sextant, so that great precision in this adjustment is 
unnecessary. Instead of pieces of wood two pencils may be used 
in the same manner, allowance being made, at the point marked, 
for the distance that the tops of the pencils are below the center 
of the telescope. When the error in this adjustment is large 
enough to require correction it is done by means of the screws 
in the collar holding the telescope tube. This adjustment is 
entirely independent of any of the other adjustments. 

247. One of the weak points in the design of the sextant is the 
fact that there is no method of eliminating any eccentricity of 
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the circle or irregular graduations of the arc. The only way such 
errors can be discovered is by measuring with the sextant angles 
whose true values are known. 

248. Reflecting Circle. — The reflecting circle is an instrument 
similar to a sextant but having a full circle. With such an 
instrument errors due to eccentricity can be eliminated by reading 
both verniers as with a transit; but errors due to irregular gradua- 
tions cannot be eliminated, because with this instrument every 
angle must be measured from the zero of the arc, and the principle 
of repetition cannot be applied. 

249. Use of the SEXTAHT. — To measure an angle with 
the sextant, hold the instrument by its handle in the right hand 
and turn it so that the plane of the sextant coincides with the plane 
through the two objects to be observed, with the telescope on the 
upper side of the sextant if the angle is horizontal, or on the left- 
hand side in the case of a vertical angle. Without changing the 
plane of the sextant twist it in the hand so as to turn the telescope 
toward the left-hand object and observe it through the upper 
(transparent) portion of the horizon glass. Then, holding the 
instrument as steady as possible, turn the index arm with the 
left hand until the other object appears in the silvered portion of 
the horizon glass opposite the first point. Bring the second 
point exactly opposite the first one by means of the clamp 
and tangent screw of the index arm. The coincidence of the 
images should be tested by twisting the instrument a little so as 
to make the reflected image move back and forth across the 
direct image. Read the vernier and apply the index correction 
as explained in Art. 245, p. 279. 

Under ordinary conditions the above method of using the 
sextant is the most convenient. It sometimes happens, however, 
that the right-hand object is so faint that its reflected image cannot 
be readily seen, in which case the instrument is turned upside 
down and held in the left hand, a sight is taken directly at the 
right-hand object, and the left-hand object is seen as a reflected 
image; the index arm is operated in this case with the right 
hand. 

Occasionally the angle to be measured is over 120 degrees; in 
this case the angle is measured in two parts, from one of the objects 
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to some intermediate point in the same plane, and then from 
this intermediate point to the second object. 

In making astronomical observations it is frequently necessary 
to measure with a sextant the vertical angle between the sea hori- 
zon and the sun, or some star. When this is done a correction 
must be applied for the dip of the True Horizon below the Appar- 
ent Horizon, as explained in Art. 80, p. 73. In making solar obser- 
vations the sun^s image is dropped down by moving the index arm 
until the sun's lower (or upper) limb is tangent to the horizon, 
and the vernier is read. This angle is then corrected for refrac- 
tion (Table VII), dip, and the semi-diameter of the sun.* 

250. PRECAUTIONS IN THE USE OF THE SEXTANT. — It 
should be borne in mind that the angle measured with a sextant 
is not the horizontal angle between the two points, as is the case 
when measured with a transit, but is an angle lying in the plane 
defined by the two objects and the eye of the observer. 

Furthermore the vertex of this angle (O, Fig. 100) is not a fixed 
point. It is evident from the figure, since the positions of / and 
H do not change, that as the angle diminishes in size the point 
O must move farther away from the instrument, and that for very 
small angles it may be at a considerable distance back of the 
observer. For angles taken in astronomical observations where 
the objects sighted are at a great distance the assumption that O 
is at the same place as the observer does not introduce any appre- 
ciable error, but where the instrument is used to locate details 
such as soundings it is not good practice to measure between 
points that will give small angles, not only because the vertex of 
the angle is not at the observer, but also because small angles give 
poor intersections. The sextant is therefore not used in work 
where the position of the vertex of the angle must be known with 
any great degree of accuracy. With a sextant of the ordinary 
size the vertex of a 20° angle will be about 5 inches back of the 
index glass; with a 5° angle it is about 2 feet; and with a 1° angle 
it is about 10 feet. These approximate values will illustrate the 
importance of keeping this point constantly in mind in all work 
with this instrument. 

* See American Ephemeris and Nautical Almanac. 
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251. USE OF THE Artificial Horizon. — In astronomical 
observations the altitude of a celestial body is often desired. 
When the sea horizon is not visible an artificial horizon may 
be substituted, if the observation is to be made on land. A basin 
of mercury is usually employed for this purpose. The angle 
measured is that between the object and its image reflected from 
the artificial horizon, and it is obtained by observing through the 
transparent portion of the horizon glass the image reflected from 
the mercury surface and bringing the doubly reflected image of 
the object into coincidence with the image seen in the artificial 
horizon. Half the observed angle is the required altitude. In 
Fig. loi the eye is at O, the artificial horizon at My and the distant 




Fig. 101. Artifictal Horizon- 

object at S; OH is a horizontal line. The lines SO and S'M 
are assumed to be parallel, which will be practically true when the 
object observed is a celestial body. It is evident that all the 
angles marked a in this figure are equal. The angle measured 
is SOM = 2 a; the required angle is SOH = a. 

In measuring altitudes of near objects by means of the artificial 
horizon it will be necessary to hold the sextant as close to the 
mercury surface as possible, so that the lines S'M and SO 
(Fig. loi ) will be practically parallel. It must also be remembered 
that the surface of the mercury determines a plane at the elevation 
of the artificial horizon and not at sea-level. 
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aUBAQUBOUa aURVETS. 

252. Submerged Areas. — The determination of the topog- 
raphy of the bottom of a lake, harbor, or other body of water 
is one of the common problems in hydrographic surveying. In 
connection with such surveys the character of the material com- 
posing the bottom is often desired. Surveys of this kind are 
made for a variety of purposes, such as to prepare charts for 
navigation, to determine where material shall be dredged and 
where such dredged material may be dumjjed, or to measure the 
quantity removed. They are also made for the purpose of dis- 
covering what changes are taking place in the bed of a river, 
canal, or harbor due to dynamic agencies, or to acquire data for 
projecting wharves, sea-walls, breakwaters, levees, dikes, etc. 

This work is usually done by first establishing certain points 
on shore (by triangulation or traverse) to which the hydrographic 
survey may be referred, and then measuring, usually from a boat, 
the depth of the water at various points and determining the 
positions of these points. The measurements of depth are called 
soundings. Since the subaqueous surface is not visible it is evi- 
dent that for a given degree of accuracy a great many more points 
must be located to obtain the shape of the surface than would 
be necessary in an ordinary topographical survey of equal area. 

The points on shore to which the hydrographic survey is 
referred should be so chosen that they will be in clear view from 
the water surface. Such prominent objects as church spires, 
windmills, lighthouses, flag-poles, and the like are serviceable, 
provided they are near enough to the shore to come within the 
boundaries of the sheet when plotted on the map.* The shore 
line and some of the adjacent topography is usually desired; 
this is obtained as explained in Arts. 231, 235-6, pp. 268, 271-2. 

253. Instruments used. — Besides the ordinary surveyor's 
transit, tape, and lining-poles a sounding-pole or lead-line and 
a boat with its necessary equipment will be required. In many 

* Sometimes it is necessary to locate important points which when plotted 
may fall beyond the limits of the map. In this case the point may be plotted 
on a piece of paper fastened to the drawing table, the plotted position of these 
points being used only while the drawing is being made. 
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sounding op)erations the sextant, signals, buo3rSy and gauges for 
recording the height of the water surface are used. 

254. The Boat. — It often happens that the surveyor has 
little or no choice regarding the type of boat, but is obliged to 
make use of whatever he can hire in the vicinity. Where any 
choice is possible a round-bottomed boat, like a dinghy or a 
Whitehall boat should be selected, as it is less affected by wind 
and current, and can be more easily kept on range than one with a 
flat bottom. Flat-bottomed boats, however, are more serviceable 
in shoal water and where the water is not rough. Such a boat 
with a wide beam and high sides will be found to be less "cranky " 
than a round-bottomed boat and particularly convenient when 
landing on flat beaches. The leadsman stands in the bow while 
taking the soundings, and for this reason the boat should be fairly 
stiff. Sometimes a platform is built in the bow of the boat on 
which the leadsman stands. 

A power boat, provided it can be run at a slow sjjeed, is better 
in many respects than a rowboat. It can be kept exactly on a 
range with little difficulty even if the wind is blowing and the 
current strong. Its speed is more nearly uniform, and it is much 
stiffer and steadier. A gasolene power boat can be used to good 
advantage where the water is free from grass and the ranges are 
long. The speed can be regulated by a drag consisting of a 
4" X 8" timber 8 to 10 feet long (or other size to suit the power 
of the boat) with a rope attached to each end. One rope is 
fastened to a cleat on the boat and when running free the other 
rope is loosened so that the drag tows freely through the water. 
When it is desired to sound, the loose rope is pulled in until the 
drag takes a position crosswise to the direction of the boat. By 
varying the angle that the timber makes with the direction of the 
boat the speed can be regulated to suit the conditions. If a 
power boat is used a skiff will also be needed for landing along 
shore unless there are wharves in the vicinity. 

255. Sounding-Pole and Lead-Line. — Sounding- poles are 
made similar to an ordinary self-reading leveling rod. They 
are usually from 12 to 20 feet long, i to 2 inches square in section, 
and with an iron or lead shoe of sufficient area to prevent the 
pole from sinking into the mud or sand. The shoe is sometimes 
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provided with a cup-shaped cavity in the bottom which enables 
samples of material to be collected. This cavity should be 
smeared with some such material as tallow or soap so that the 
soil will adhere to the metal shoe. The pole is graduated to 
feet and tenths, and it will be found convenient in reading the 
sounding to have these graduations on two opposite faces. If, 
however, the scale is painted on but one side of the rod the 
.leadsman can, by using proper care, handle the rod so that all 
the wear will come on the back side. 

256, The Lead-line consists of a long chain or line at the end 
of which is attached a lead weight. Lines of hemp or cotton are 
.in common use, but on account of changes in their length due to 
shrinking and stretching many surveyors prefer to use a chain. 
Some prefer a steel chain with brazed links, which is very light 
and strong. The principal use of a line is where the water is 
deep. If a line is used it should be stretched before it is grad- 
uated, so that it will not change in length appreciably while in use. 
One method of stretching is to wind the line tightly around a 
circular post and after both ends are securely fastened, to wet it 
thoroughly. It will shrink and tighten around the post, but 
when it dries out it will be slack. The slack is taken up by 
rewinding and it is wet again. This operation should be 
repeated until very little stretching occurs. The line is then 
thoroughly wet again and the feet are marked by cloth or leather 
tags, the zero of the graduations being the bottom of the lead 
weight. Every fifth foot-mark should be indicated by a tag of 
different color from the other foot-marks, and every tenth 
foot-mark by a tag so marked that the leadsman can tell at a 
glance which ten-foot mark it is. A leather tag with points, 
similar to the points on the tag of a surveyor's chain, forms a good 
marker for the ten-foot divisions. If a line is used it must be 
tested frequently by comparing it with a tape, and, if necessary, 
the foot-marks changed from time to time to insure accurate 
results. But when the variation in length is small the error in 
the lead-line may be recorded in the notes and applied to the 
soundings when they are worked up in the office. The line 
should be soaked in water for an hour or two before its length is 
tested or before the soundings arc taken. 
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Many surveyors consider that for ordinary purposes a brass 
sash-chain is the most satisfactory kind of lead-line. Chains of 
this type are found to cause very little trouble by kinking. The 
chief advantage of the chain is that its length is practically con- 
stant so that when once marked it may be used a long time 
without requiring corrections. In marking it is best to avoid 
metal tags or wire fasteners, as they are likely to injure the leads- 
man's hands. For this reason leather or cloth markings are 
preferable, and although they may wear oflf quickly they can be 
easily replaced. Narrow strips of cloth of various colors are 
sometimes used for tags, a simple system of distinguishing marks 
being readily improvised. Where chains are used it is necessary 
to test them occasionally and to readjust the tags, because the 
wear which takes place in the links sometimes causes an appre- 
ciable lengthening if the chain is 25 feet or more in length. 

The weights used with a lead-line vary from 3 to 20 poimds, 
depending upon the depth of water and strength of current. 
Where there is not much current a 6 to lo-pound 
weight will suffice for depths up to about 40 feet. 
A good form of lead is one with a circular or 
rectangular cross-section, about three times as long 
as its greatest diameter, and tapering slightly from 
the bottom upward; in the top is fastened an eye to 
which the line is attached (see Fig. 102). A cavity 
may be made in the bottom of the lead to collect 
samples of the material of the submerged surface, 
as explained above for the sounding-pole. Other 
forms of leads are made with various devices for 
collecting samples, 

257. Signals and BuoySo — Shore signals, if 
used to mark the ranges on which soundings are 
to be taken, may be either common J" X 2" 
scantling or poles with iron shoes driven into the ground. On 
the poles are fastened flags which are visible for a long dis- 
tance. The color of the flags used will depend upon the 
background and the distance they must be seen. A white 
flag is clearly visible against any dark background; a red flag 
is clear against anything except a medium dark background; 
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259. River and Lake Gauges. — In taking soundings or in 
measuring the discharge of rivers it is necessary to erect gauges at 
convenient places, e.g., on bridge piers or abutments, and to 
have them read at regular intervals. When the gauge is fastened 
to a bridge pier it is usually found that the eddying of the water 
at the pier makes it difficult to obtain an accurate reading of the 
gauge. This effect can be largely done away with by attaching, 
lengthwise to the staff, wing pieces making an angle of about 
30 degrees with the face of the staflF and flaring toward the back 
of the staff. These wing pieces prevent the eddies and make 
the water surface in front of the gauge smooth. 

Sometimes it is impossible to find a good place for a vertical 
staff, and in such cases an inclined staff may be fastened to the 
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Fig. 104. Chain Gauce. 



sloping bank, the foot-marks being painted on it as in the ordinary 
gauge, except that the graduations on the staff are far enough apart 
so that the vertical distance between them is the same as on a 
vertical staff. 

A good type of gauge to use where drift logs or ice might destroy 
a staflf gauge is the chain gauge illustrated in Fig. 104. This gauge 
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is used extensively by the U. S. Geological Survey. It consists of 
a board 10 to 14 feet long fastened in a horizontal position so 
that one end is over the water. At this end is attached a pulley 
P over which passes a chain C having a 12-pound weight W at its 
lower end. The ring at the other end of the chain is hung over 
a small hook at the right-hand end of the board when the gauge 
is not in use. When in use this ring is taken from the hook and 
the chain is allowed to pass over the pulley imtil the bottom of 
the weight just touches the water surface. The position of the 
index point of the chain is then read on the scale which is painted 
on the horizontal board. As the length of the chain may change 
somewhat it should be compared occasionally with a steel tape 
and corrected by means of an adjusting screw in the top of the 
weight. The gauge readings should also be referred to some per- 
manent bench mark near by and tested by leveling occasionally to 
detect any settling of the gauge as a whole. The elevation of the 
bottom of the weight when the gauge reads zero should be used for 
connecting the gauge readings with the datum of the bench mark. 
As these river gauges are located at intervals along the shore 
cheir zero points are not at the same elevation. They are con- 
nected however by leveling, so that the water level at the various 
gauges may be referred to the same datum as the map of the 
surrounding country. The slope of the river may then be 
determined from simultaneous gauge readings at different points 
along the river. On account of the slope of a river it is im- 
practicable to refer soundings taken in the river to a datum plane. 
It is customary, therefore, to refer them to the surface of the 
water when the river is at a certain stage, — high water, mean 
water, or low water stage, the soundings being the depth of the 
river bottom below the water surface at this particular stage. 
As the soundings may have to be taken when the river is not at 
the assumed stage it will be necessary before taking them to 
first determine from a series of observations (taken daily or 
oftener at each gauging station) the various gauge readings 
corresponding to the assumed stage of the river; for example, 
at the upper gauge a reading of 2.3 may be found to represent 
the mean water stage, while 1,7 is the reading for mean water at 
the next lower gauge, 2.1 at the next staff, and so on. 
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For lake surveys the datum to which the soundings are 
referred is often the lowest recorded stage of the water. In this 
case the frequency with which the gauge should be read will 
depend upon the various conditions which influence the level of 
the water surface. 

260. Organization of Sounddig Party. — The organi- 
zation of the sounding party will depend upon the method used 
in locating the soundings. In any event there will be in the boat 
the chief of party, the recorder, the leadsman, the oarsman, and 
possibly a signalman. This comprises the entire complement 
of the boat party provided the soundings are located by angles 
taken from shore, in which event the transitman and assistants 
(if needed) will remain on land. If, however, the angles are 
to be taken from the boat the instnimentmen who will use the 
sextants will also be in the boat. Where the work is to be done 
in tidal water a gauge reader may also be needed. 

261. The recorder writes in his note-book the depths as they 
are called off by the leadsman and also the times when the sound- 
ings are made. He also notifies the leadsman by calling out 
"Sound" about 5 seconds before each sounding is desired. 
The leadsman takes the sounding as quickly as possible, usually 
within two or three seconds of the desired time. In the hydro- 
graphic work of the Corps of Engineers, U. S. A., where nearly 
all of the soundings are located by two angles taken with transits 
on shore, soundings are usually taken at 15, 20, or 30-second 
intervals, and a location made each minute by the instnimentmen 
at the instant the signal is given by the recorder or signalman in 
the boat. The chief of party usually acts as signalman and 
directs the work in the boat, and sees that the boat is kept on the 
ranges (if any are used) and that the boat is so propelled as to 
properly cover the area to be sounded. The signal is given by 
holding up a flag for about 10 seconds and dropping it suddenly 
the instant the sounding is taken, at which moment the transit- 
men on shore take angles to the leadsman or to his hand if 
visible. In the work of the U. S. Engineers white, red, and some- 
times black flags are used for signalling. Both the recorder's 
and the instrumentmen's notes should show the colors of the 
signal as well as the time for each located sounding, thus giving 
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two means of identifying the angles and the corresponding 
soundings. Usually from one to five signals are given in suc- 
cession with a white flag, and then from one to five with a red 
one, no particular attention being given, to the order of color 
changes. This double check is of particular value where the 
lines of soundings are long. In tidal waters the time is required 
also as a means of reducing the soimdings to low water or to 
whatever other datum is used. 

Where the soundings are taken with a view to obtaining every 
slight change in the slope of the bottom, instead of taking the 
soundings at a given interval of time, it is desirable in order to 
catch any change in slope to take them as frequently as the 
leadsman can conveniently handle the pole. In this method the 
boat is usually rowed on a range and the instrumentmen on 
shore "cut in " only those soundings that are designated by the 
signalman in the boat. The time in this case is recorded to the 
nearest second. As a rule every sixth or eighth sounding is 
located. 

262. The instrumentmen, if on shore, should set their watches 
to agree with that of the recorder each day before the sounding 
operations begin and compare them at the close of the work. 
Each man reads the azimuth angle from some known point on 
shore to the sounding pole or to the leadsman at the instant the 
signal is given from the boat, and records the angle, the time the 
angle was taken, and the color of the signal given (if the color 
system is used). He should occasionally check his instrument 
setting by sighting again on the known point. The transitmen 
and recorder should compare notes at the close of each day to 
discover any discrepancies in the recorded times and to number 
the corresponding simultaneous observations for convenience in 
the plotting. If the angles are measured from the boat with the 
sextant they are called off to the recorder who enters them in 
his note-book. 

263. The leadsman stands in the bow of the boat, and he 
inclines the foot of the pole forward at such an angle (depending 
upon the speed of the boat) that when he plunges it into the 
water it will reach the bottom just opposite him and will be 
vertical when he reads it. The leadsman calls out the reading 
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in feet and tenths to the recorder and gives the character of the 
bottom if desired. In deep water, where the lead-line is used, 
he will cast the lead ahead a proper distance, letting the line pay 
out freely at first but tightening his hold on the line so that 
when the lead reaches the bottom the line is taut and is practi- 
cally vertical. The feet are read by observing the tag on the 
line which is just above the water surface, the tenths of a foot 
being estimated. In withdrawing the lead-line he coils it in 
such a manner that it will pay out without becoming tangled 
when again cast. Evidently the leadsman's duty requires the 
use of good judgment and not a little skill and labor. 

264. Where the scope and method of the work require it, a 
signalman is employed to wave a flag or other signal when 
directed to do so by the recorder. Just before the sounding is 
taken the recorder calls out "Ready *'; the signalman then holds 
the flag vertical so that it may be seen by the instrumentmen on 
shore. At the instant the sounding is taken the flag is dropped 
and the transitmen obtain the angles to the sounding pole. The 
recorder himself sometimes gives this signal when a special man 
for this purpose is not employed. 

The boat crew will comprise one or more experienced oarsmen 
and sometimes an extra man to steer the boat and keep it on the 
range. For ordinary work in moderately calm water two oars- 
men are sufficient. 

If signals are erected on shore for ranges the signalman or 
assistant shifts them from one range to the next as required. 
Usually several sets of signals are erected at one time to mark 
a number of ranges, and the changing of signals is done by the 
boat party. Occasionally no ranges are erected, but instead the 
signalman directs the boat on approximately parallel courses, 
the spacing of the lines being paced off along the shore, and the 
parallel directions being estimated by eye, guided somewhat by 
the trend of the shores or by the directions of distant objects. 

265. In tidal waters it is necessary to carry on a series of gauge 
readings while the sounding operations are going on. The gauge 
reader's duty is to read the gauge at regular intervals, record- 
ing the time of the gauge reading so that the soundings can be 
reduced to a given level. Usually readings at 15-minute intervals 
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will be sufficient, unless the rise and fall is more than a foot per 
hour. The gauge height at any intermediate time can readily 
be obtained by interpolation. Where it can be done it is best to 
employ a man to read the tide gauge and to record the readings 
at s-minute intervals. A convenient form for these notes is 

Point Merideth Harbor. — Tide Gauge Readings. 

David Ray, Observer, Sept. 11, 1906. 



Time 


Gauge 


Correct 


Renutrks 




Reading 


Tide 




8.00 


2.8 


2 .2 


Fresh N. W. wind. 


.15 


2.7 


2 .1 




•30 


2.6 


2 .0 




•45 


2.4 


1.8 




9.00 


2 .1 


1-5 




•15 


1.8 


I .2 




•30 


1-5 


0.9 




•45 


1 .2 


0.6 


Oaugc set on N. E. Pile of Thompson's 
Wharf. Bottom of fender cap of wharf reads 


10 .CX) 


1 .1 


. 05 


•15 


0.9 


03 


12.85 on gauge. Referred to B.M. No. i on 


•30 


0-7 


0.1 


plan of 1903, correction for gauge —0.6. 


•45 


0.6 


0.0 




II .00 


0.4 


-0.2 




.15 


0-3 


-0.3 




•30 


0.3 


-0.3 




■45 


03 


-03 





Fig. 105. Tide Gauge Reader's Notes. 



shown in Fig. 105. The direction and force of the wind should 
also be recorded, especially when the tide gauge is not located close 
to the place where the soundings are being taken. It is well to 
locate the tide gauge as near to the sounding operations as con- 
venient, and it is extremely important that the gauge should be 
located in the same tidal basin as the soundings. In the 
"Remarks" in the above notes it will be seen that the gauge 
reading of the bottom of the fender cap is recorded. By referring 
to such a record the position of the gauge can be readily checked 
at any time should there be any suspicion that it had been 
knocked out of place and not replaced at exactly the point where 
it was originally fastened. 

Under some conditions the tide gauge can be read by one of 
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the boat's crew by means of a field-glass or by the shore assistant 
or transitmen if the gauge is near enough to any of them. 

266. Methods of Locating Soundings. — There are six 
general methods of locating soundings, as follows. 

(i) The boat is rowed on a range at a uniform rate of speed 
and the soundings are located by time intervals. 

(2) The boat is rowed on a range line and the positions of the 
soimdings are "cut in" by a transit angle taken on shore or by 
an angle taken with a sextant from the boat. 

(3) The boat may or may not be rowed on any definite range 
and its position is located by angles taken simultaneously by two 
transits on shore or by angles taken simultaneously to shore 
points from the boat by means of two sext?nts. 

(4) The positions of the soundings are located by the stadia 
method. 

(5) The positions of the soundings are defined by the inter- 
section of fixed ranges. 

(6) A wire or line is stretched across a stream from shore to 
shore and soundings are taken at different points along this wire 
and located by measured distances from one end of it. 

267. Locating Soundings by Time Interval. — In this method 
each range is determined by two signals on shore or by a signal 
on shore and a buoy near the shore. In the latter case the boat 
is rowed from the shore toward the buoy, the oarsmen being 
careful to take a steady stroke so that when the boat passes the 
buoy it is running at a uniform speed, which is kept as imiform 
as possible along the entire range. The time (minutes and . 
seconds) when the boat passed the buoy is recorded and the 
soundings are taken and recorded at regular intervals for the 
entire length of the range, together with the time each sounding 
was taken. In plotting the soundings the speed of the boat is 
assumed to be uniform, so that the distances along the range may 
be made proportional to the time consumed in traveling that 
distance. Evidently this method is only applicable when the 
soundings are taken between points whose distances apart are 
known, such as between the two banks of a river or from one shore 
to a buoy the location of which has been fixed by some other 
method. The short distance between the shore and the first 
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buoy can be sounded out by estimating the distances along the 
range. 

This method of locating soundings may be used where only 
rough results are required. It is particularly applicable to sound- 
ing over short distances, as on ranges across a river where the 
current is not strong or in the still waters of a pond. 

268. Locating a Sounding by a Range and an Angle from 
Shore. — In still water where there is no difficulty in keeping 
the boat in any desired position soundings may be conveniently 
located by keeping the boat on a range line marked by two objects 
on shore,' such as range poles, and then "cutting in" the position 
of the leadsman by means of a transit angle taken from shore at 
the instant the sounding is made (see Fig. 106). Where the 
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Fig. 106. Locating Soundings by Range Line and Angle from Shore. 

ranges are marked by poles one of these may be set in the water 
or a float may be anchored and used to define one end of the line 
if it is not convenient to place both poles on land. 

Evidently the positions of all of the shore signals defining these 
ranges must be accurately known so that they can be plotted on 
the plan before the positions of the soundings are plotted. 
These signals are located by triangulation, by direct tape measure- 
ments, or by stadia, the last being a very common method. It 
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will be noticed in Fig. 106 that the ranges in the right-hand series 
are parallel, necessitating the changing of two shore signals for 
each range, while on the left-hand end is a fan-shaped system 
in which only the one signal near shore has to be changed. A 
fan-shaped system will therefore be preferable, except where the 
range lines diverge so rapidly as to leave too great an interval 
between them near the further shore. This may be avoided if 
the back range point can be chosen at a long distance from the 
shore. In any case the range lines must be so chosen that they 
will afford a base long enough to be accurately projected across 
the water and so as to cover the entire area as closely as is 
desired. When the fan-shaped ranges are used it is advisable 
on account of their divergence at the further shore to take a 
series of soundings on other ranges running crosswise. This is 
particularly desirable where the radial lines are very far apart. 
In fact it is always a good plan to run at least a few lines cross- 
wise to the first series, as it helps to verify the work and also to 
fill in the gaps. 

269. Fieldwork and Notes. — In this method of locating 
soundings the transit point should be so chosen that the inter- 
section of the lines of sight will cut the range lines as nearly at 
right angles as possible. The vernier of the plate is set at 0°, 
or if preferred at the proper magnetic or true azimuth, and the 
telescope sighted at some signal or object on shore whose location 
is known. The telescope is then turned in the direction of the 
boat, ready for measuring angles. The transitman keeps the 
vertical cross-hair of his instrument on the sounding-chain, as 
nearly as he can, and follows it as the boat moves along the range 
line. At a signal from the boat the transitman clamps the instru- 
ment (sometimes leaves it loose) as nearly as possible on the 
angle to the sounding line, and reads and records both the angle 
and the time, as shown in the notes in Fig. 107. If colored 
flags are used by the signalman in the boat, the color of the flag 
shown is also recorded. At the end of the day the transitman's 
notes and the notes of the soundings are compared, and the 
observations are numbered to correspond. Occasionally the tran- 
sitman will fail to measure an angle when a certain sounding is 
taken. This should be discovered when the notes are numbered 
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and compared, since both parties have recorded the times of 
their observations. 



Point Merideth. 

K. and E. 7|^, at S.B. "A." 



Sounding Locations. 

L. Hayes, Sept. 11, 1906. 



Time 


Flag 


Angles 


No. 


o«onS.B. "B" 


I 

2 

3 
4 

I 
I 

9 
10 
II 
12 
13 

14 

11 


h m s 

8-15-20 

Begin 


B 

W 
W 
B 
W 
W 
W 
R 
W 
W 

W 

W 

W 
B 


32° 15' 

34 00 

35 45 

37 05 

38 45 
40 20 

? 

43 30 

44 40 

46 05 

47 25 

48 35 

49 40 

50 50 

53 00 

54 05 




















8-27-10 
End 

8-35-00 
Begin 







Yacht in way. 



Fig. 107. Transitman's Notes. 

On account of the rapidity with which the angles must be read 
the transitman will usually leave the upper plate of the instru- 
ment undamped and simply set by hand. A good transitman 
can easily take two angles per minute and record them, together 
with the time; with an assistant to record he can take five or six 
angles per minute if necessary. The minutes in the angle are 
sometimes read by estimation instead of by the vernier, as it is 
usually sufficiently accurate for this kind of work if the angles are 
correct to the nearest 5 minutes. 

In the notes shown in Fig. 108 the soundings were not taken 
at any regular time interval, as is done by some surveyors. In 
this method it is not usually practicable to record the time of 
each angle, the signals being given too rapidly, but it is sufficient 
to take the time at the beginning and at the end of each short 
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range and at a few intermediate points on long ranges, leaving to 
the recorder in the boat the duty of noting the time when each 
signal was given. Where the angles are taken on a particular 
time interval, as illustrated in Fig. 109, p. 302, the time may be 
recorded for each angle. After the soundings on two or three 
range lines have been taken the transitman should check his 
work by sighting again on the signal and seeing that the vernier 
reads the azimuth originally set. The recorder and the transit- 
man should check up their notes each half-day if possible, but 
in any case at the end of each day. 

It will be observed in the following notes (Fig. 108) that the 
recorder in the boat has recorded the depth of each sounding 
and also the times of those soundings which are located. 

.Point Merideth Harbor. — Soundings. 

H. G. Wells, in charge. D. Ray, gauge. 



Sept. II, 1906. 



John Smith, recorder. 
L. Hayes, at 7f\ S. B. 



J. Sidley, leadsman. 



Time 



Flag 



Sound- 
ing 



Line No. i. Running South. 



30 



h m s 

8-15-20 

Begin 


B 












W 












8-1 7-10 


W 


Etc. 
8-26 


W 



Tide 



8-27-10 
End 



IR&W 



34.3 
34-5 
34.5 
33-5 



Line No. 2, Running North. 



8-35^0 
Begin 



W 



34.7 



Reduced 
Sounding 



No. 



Remarks 



0.9 

1-4 
1.6 
1.6 



5-4 
6.5 



32.3 
32 -3 
32.3 
31-3 



32.7 



13 



14 



Fresh N. W. wind. 
125' ± from shore. 



Near W. end of 
breakwater. 



Near W. end of 
breakwater. 



Fig. 108, Recorder's Notes. 
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The observed times are used to reduce the soundings to the 
datum, and also to identify the angles taken by the transitman. 
The letters in the second column indicate which soundings were 
located by transit angles and the color of flags used; and it will 
be seen that these correspond to the transitman's notes in 
Fig. 107. The reduced gauge readings, which are shown in the 
column headed "Tide," are copied from the gauge reader's 
note-book; the tide for any time may be obtained by interpolation 
between the observations taken. The first three columns are the 
only ones that are filled in during the fieldwork. The sixth 
column, headed "No.," is filled in when the transitman's notes 
are compared with those of the recorder at the end of the day. 

In plotting notes like these where the soundings are quite 
close together the points which were "cut in" are located on the 
plan and the intermediate readings are interpolated between 
them; the soundings are assumed to be equally spaced between 
the ones which were located. 

It will sometimes be found more convenient to take the located 
soundings exactly one or two minutes apart and to take the inter- 
mediate soundings at equal intervals of time, as shown in 
Fig. 109. 

270. Locating a Sounding by a Range and an Angle from the 
Boat. — The method of locating a sounding by a range and an 
angle from the boat is like the one just described, with the excep- 
tion that the angle instead of being taken from the shore is 
measured with a sextant from the boat. It is not as common a 
method as the previous one because it increases the office work, 
and the only advantage so far as the fieldwork is concerned is 
that the instrumentman is in the boat with the chief of party, who 
can therefore direct the work to better advantage. But since it 
will probably be necessary to use a transit in laying out the ranges 
the soundings may as well be located with the same instrument 
and the office work thus simplified. 

271. Locating a Sounding by Two Angles from Shore. — 
Where it is impossible to keep the boat always accurately on 
range or where it is not convenient to establish ranges, the posi- 
tion of soundings may be located by two angles taken simulta- 
neously from shore. In this method two transits are used, each 
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being set up at previously determined triangulation points or 
points on the shore traverse, or else at selected instrument points 
which can later be tied to the triangulation system. These points 
should be so chosen that the transit lines locating the soundings 
will cross as nearly at right angles as is practicable. The instru- 
ments are both run as described in Art. 269, p. 298, the angles 
being taken simultaneously on signal from the boat. When the 
boat is a considerable distance away it is customary to take the 
angle to the leadsman or to the portion of the boat in which he 
is standing rather than to set exactly on the sounding-pole. 
Evidently for a given degree of precision this approximation is as 
applicable for short as for long distances. 

Point Merideth Harbor. — Sounding Locations. 

K and E. 7]^ at S.B. "A." Frank Jones, Sept. ii, 1906. 



Time 



Flag 



Angle 



Number 



Remarks 



0° on Lantern Staff on Breakwater. L. Hayes /ix occupying S.B. "C. 



8.53 


W 


Begin 




•54 


R 


•55 


W 


.56 


W 


•57 


W 


■58 


R 


•59 


W 


9 .00 


R&W 


.01 


W 


.02 


R 


.03 


W 


Etc. 




.10 


W 


End. 




9.20 


W 


Begin 




.21 


W 


.22 


R 


.23 


W 


.24 


W 


.25 


? 


.26 


R 



134 


= 1/ 
56' 


I 


10 


14 


2 


12 


47 


3 


15 
17 
19 


48 


4 
5 

6 


21 
23 


41 
28 


1 


24 
26 


55 
19 


9 
10 


27 


zz 


II 


34 


35 


18 


36 


13 


19 


35 


01 


20 


34 


03 


21 


33 


51 


22 


33 


00 


23 




f 


24 


31 


31 


25 



to S.B."B" 
Line No. 7, 



South. 



R&W check watch, 9.00 A.if. 



Line No. 8, North. 



Schooner in way. 



Fio, 109. Transttman's Notes. 
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This method afiFords a quick way of obtaining the necessary 
data for such a survey. In the U. S. Engineer office this method, 
together with the use of approximate ranges, is the one com- 
monly employed. The soundings are taken on ranges deter- 
mined by pacing off nearly equal distances along the shore and 
determining by eye the parallel courses. The soundings are 
taken at equal intervals of time and the recorder's notes are kept 
practically as shown in Fig. 108, except that the time of each 
sounding, say one every 15 seconds, is recorded in the first 
column. Each of the transitmen keeps a set of notes similar to 
those shown in Fig. 109. 

272. Locating a Sounding by Two Angles from a Boat — A 
common method of locating soundings when ranges are not used 
is by taking two angles simultaneously from the boat to three 
signals, or any previously determined points, A, S, and C on 
shore (see Fig. no). This is an application of the Three point 




Fig. 110. Locating Soundings by Two Sextant Angles from Boat. 

Problem which is frequently used in plane-table work. (See 
Art. 49, p. 47, and Art. 188, p. 203.) It is essential that the 
signals or points should be fixed stations; such points as buoys 
or floats will not give satisfactory locations. 

In measuring angles from a boat it is necessary to employ some 
instrument which does not require a steady support like the tran- 
sit. For this reason the angles are usually taken with two sex- 
tants. These two angles are sufficient to locate the position of 
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the sounding, except in the one case where the boat happens to be 
on the circumference of the circle passing through the three signals 
between which the angles are measured. There are some posi- 
tions of the three signals with reference to the boat which will 
give poor locations of the soundings; these are explained in 
Art. 190, p. 207. When the sextant is employed for tWs purpose 
it will be found difficult to measure the angles with sufficient 
rapidity unless its telescope is discarded and the observer sights 
through the ring which holds the telescope. Under ordinary 
conditions the error that can enter into an angle measured in this 
manner is not over i minute, which is far within the accuracy 
desired for locating soundings. The angles are usually read 
without the use of a reading glass to the nearest minute (some- 
times to 5 minutes only). 

In some kinds of work this method is less frequently employed 
than the "range and angle" method or the "two angles from 
shore" method, because it often happens that the two angles 
taken with the sextant do not pve good intersections; this is 
especially true when the soundings extend far from shore. Fur- 
thermore, if the signals happen to be high above the shore, and 
consequently not at the level of the boat, the angle measured will 
be enough different from the horizontal angle to introduce serious 
error into some parts of the work. 

273. Locating Soundings by Stadia. — As the stadia method 
is admirably adapted to measuring distances to inaccessible 
points, and as its results are within the limit of accuracy required 
for most sounding work, it would appear at first thought to be 
most useful for locating soundings. This would be quite true 
if it were not for the fact that both the instrument and the rod 
must be at rest if an accurate observation is to be made. (See 
Chapter IV.) 

The transit may be set up on shore and the stadia rod carried 
in the boat. The rod if properly painted and of sufficient length 
may serve the double purpose of a sounding-rod and a stadia nxi. 
At the instant the sounding is taken the transitman observes the 
interval on the rod, and then records it. The corresponding 
azimuth angle can be read while the boat is proceeding silong its 
course. The transit should be set up at a point which will be as 
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neaxly at the shore level as possible, so that there will be no neces- 
sity for noting the vertical angles. It will simplify his work if the 
transitman sets up his instrument at the end of a range on which 
the boat is being rowed, for in this case he will have only the rod 
interval and the time to observe. It will sometimes facilitate 
matters if a regular sounding-pole is used for the soimdings and 
a separate stadia rod is used for the transit sights. If the boat 
is rather heavy and the water calm it may be possible to read 
the stadia rod when held vertical with its base resting on the 
bottom of the boat. 

It is evident that this method is applicable only in shallow 
waters. The "range and angle" method is fully as accurate as 
the stadia method, but where only a few isolated soundings are to 
be taken the latter method is to be preferred because it requires 
less fieldwork. 

274. Locating Soundings by the Intersection of Fixed Ranges. 
— In cases where it is necessary to take soundings at various 
periods of time at some given point, fixed ranges are located on 
shore so that their lines will intersect at angles as near 90 degrees 
as is practicable. The boat will then proceed to the several inter- 
sections of these ranges and soundings may be taken as often as 
desired. This method is especially employed, for example, in 
making observations at different times to determine whether the 
bottom of a channel in a given place is filling or scouring, or to 
determine how much material has been removed by dredging. 

27S« Locating Soundings by Distances along a Wire Stretched 
across a Stream. — In sounding out the cross-section of a canal 
or narrow river in connection with stream gauging measurements 
a wire or rope is sometimes stretched taut from one shore to the 
other with tags fastened to it at equal intervals, and the soimdings 
are taken at these points. This method may be used to advantage 
in connection with dredging work, the soimdings being taken 
before and after the dredging has been done. (See Art, 282, 
p. 310.) This is obviously the most accurate as well as the most 
expensive of the methods that have been described. 

276. Soundings through Ice. — Soundings through ice can be 
rapidly made by boring holes with an ice auger, say i^' in 
diameter, and using a long narrow weight with a chain and 
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markers. The location of soundings on the ice is also readily 
accomplished by ranges or by stadia unless the weather con- 
ditions arc very severe. This is not only a very rapid and 
economical but also an accurate method of obtaining soundings. 

277. REDUCING THE SOUNDINGS TO DATUM. — In tidal waters 
the datum is determined by a series of observations, as explained 
in Vol. I, Art. 237, p. 211. It is the general practice to use Mean 
Low Water as the datum, and to reduce all soundings by sub- 
tracting (algebraically) from each sounding the corresponding 
adjusted gauge reading. Besides this reduction, account should 
be taken of the effect of wind and current, which may be sufficient 
to make it necessary to apply a correction for errors due to these 
causes. Furthermore the correction on account of erroneous 
length of lead-line should not be neglected unless it is small enough 
to cause no appreciable error. 

On river or lake work the soundings will be reduced to the 
datum with reference to which the gauges have been set, as 
explained in Art. 259, p. 290. 

278. PLOTTING THE SOUNDINGS.— Where the soundings have 
been located by ranges and angles taken from points on shore, the 
plotting of the position of the soundings is so simple that it 
requires no explanation other than to mention that the angles are 
all laid ofiF on the map with a protractor; a paper protractor will 
suffice for most work of this sort. 

Several methods have been devised for rapidly plotting the 
positions of soundings which have been located by the various 
field methods; most of these require that the plan shall be on some 
transparent material such as tracing cloth. Where for example 
the soundings are located by angles from two ends of a base-line, 
this base-line is plotted on the plan which is made on tracing cloth. 
Paper protractors with the radial lines drawn on them and 
properly marked may be made and kept in the office for general 
use. One of these protractors should be drawn in black ink on 
firm white paper and another in red ink on very transparent 
tracing paper. In plotting the soundings by this method the plan 
is placed over the black protractor so that one end of the base- 
line is exactly over the center of the protractor. The other 
(transparent) protractor is then slid in under the plan and above 
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the black protractor until its center is exactly under the other end 
of the base-line. Both protractors are, of course, placed so that 
their zero lines coincide with the base-line or whatever zero line 
was used by the respective transitmen in the field; and where the 
black radial line representing the angle read from one end of the 
base-line cuts the red line representing the corresponding angle 
at the other end of the base-line is the location of that sounding. 

Another method of plotting the soundings upon the original 
plan without the use of transparent paper as in the method just 
explained is to use two annular protractors printed on firm paper 
with graduations on the outer circumference. These are properly 
set at the respective transit points and the soundings plotted by 
the intersection of two threads or straight-edges pivoted at the 
centers and swung to the corresponding angles of each sounding. 
Two men, one for each protractor, may plot the located sound- 
ings very rapidly by this method by first numbering the locations 
faintly in pencil and afterward putting on the depths in ink. 
The size of protractors required will depend upon the size of the 
sheet used, but for most work a diameter of 14 inches will be 
found sufficient. Occasionally a location may come on one or 
perhaps both the protractor rings; if so it may be pricked through 
and numbered after the protractor is removed. 

279. The Three-point Problem. — Where the soundings are 
located by sextant angles taken from the boat their positions may 
be quickly plotted as follows. On a piece of tracing cloth lay off 
the measured angles AOB and BOC (Fig. no). Lay the tracing 
cloth down on the map and move it about until the three lines 
AO, BOy and CO pass through the corresponding signals A, By 
and C as plotted on the map. The point O may then be pricked 
through to indicate the position of the sounding. A more rapid 
method of plotting the soundings is to use an instrument called a 
three-arm protractor (Fig. in). In this instrument the two arms 
C and B are movable, while the middle arm A is fixed so that its 
beveled edge is at the 0° mark of the circle. This circle is gradu- 
ated from o® each way to 360®. The two movable arms are set 
at the two angles which were measured simultaneously with the 
sextants. The protractor is then laid on the plan and moved 
about until the beveled edges of the three arms pass through the 
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plotted positions of the three shore signals. When the instru- 
ment is in this position its center locates the position of the sound- 
ing on the plan, which may be marked by a needle point. Only 
one position of the center point can be found from which the 




Fio. Ill, Three- Arm Protractor. 



three beveled edges pass through the plotted signals, except in 
the case where the three shore points lie in the circumference of a 
circle which also passes through the center point. (See Art. 190, 
p. 207.) If the sounding is near this circle the location of the 
center jwint cannot be determined with sufficient accuracy. 

The three-arm protractor can be tested for eccentricity as 
follows. Draw two fine lines exactly perpendicular to each 
other, lay the center of the protractor over the intersection of 
these lines* and see if the 90® points on the arc coincide with the 
lines. Several angles may be laid off on the same piece of paper 
by the method of tangents or chords (see Vol. I, Arts. 453-9, 
pp. 405-1)^ and the intermediate graduations of the arc compared 
with these lines to test the regularity of the graduations. 

280* Geometric Solutioii of Three-point PioUem. — While 
the geometric solution of the Three-point Problem is seldom used 
for plotting, on account of the rapidity with which the methods 
just mentioned can be applied, still its demonstration will doubt- 
less giNX the student a better understanding of the problem. 
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In Fig. 112 Ay B, and C represent the three shore signals. 
Let the two angles read from the boat be a and p. At both 
extremities of the line AB lay off an angle equal to 90° — ^, 
the sides of which if extended will intersect at P; and at both 




Fig. 112. Geometric Solution of Three-Point Problem. 



extremities of BC lay off an angle equal to 90° — a, thus 
obtaining point Q, Then with P as a center describe an arc 
passing through A and B, and with Q as a center describe an arc 
through B and C Where these two arcs intersect, at O, is the 
position of the boat. 



Similarly 
But 

And 



Angle P = 180? - 2 (90° - a) ^ 2a 
Q -2^ 

AOB = = a 

2 

2 



The angle ^ determines the circle ^450, which is the locus of 
the point O. In like manner the angle a determines the circle 
BCO as the locus of O, and the intersection of these two circles 
(at O) is the only point (except B) satisfying both conditions. 

The trigonometric solution of the Three-point Problem will be 
found in Art. 49, p. 47. 
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281. HYDROGRAPHIC MAPS. — Hydrographic maps are usually 
constructed for some special purpose and certain conventional 
methods of representation are used which are peculiar to this 
kind of map, a sample of which is shown in Fig. 162. 

The method of finishing such a map is described in detail in 
Chapter XI. 

282. Measurebcent of Dredged Material. — When a 
harbor or channel is to be dredged the basis of such work is a 
hydrographic map which has been prepared as described in the 
previous articles. This map gives the information needed in 
deciding just where the dredging shall be done and also in esti- 
mating the amount of material which must be removed. For 
dredging the material the contractor is usually paid by the 
cubic yard; the quantity may be obtained by measurement in 
place or by scow measurement. 

When the measurement-in-place method is used soundings 
are taken before and again after the dredging work is done, and 
the volume of the material which has been removed is computed 
either by the Borrow-Pit Method or by the End Area Method 
of cross-sections, as may be the more convenient. Both of these 
methods are briefly described in Vol. I, Chapter XII. 

If the quantity dredged is determined by scow measurement 
each pocket of the scow is carefully measured and its capacity 
computed. When the scows have been loaded with the dredged 
material the surveyor or inspector makes a note of the number of 
full pockets, or if they are not full he measures the distance down 
from the top of the coaming of the scow to where he estimates that 
the material in a pocket would come if it were leveled off. The 
volume of this small rectangular prism is calculated and deducted 
from the capacity of the corresponding pocket. For each scow 
in use tables giving the quantity in each pocket at various distances 
below the coaming are usually prepared for convenience. These 
scow measurements should be taken just before the tow starts for 
the dumping ground. When scows remain moored for a day or 
so before being towed to the dumping ground some of the material 
in the pockets leaks out through the bottom doors if they are not 
tightly closed, and such material may find its way back again into 
the dredged portion of the channel if the scows are moored near 
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the work. In the case of a deck scow where the material is piled 
on the deck any practical and convenient method may be used to 
determine the volume of earth, the measurements taken depend- 
ing upon the shape of the pile. 

When the material dredged is rock the amount taken out can 
be calculated by obtaining its weight, and this is arrived at by 
taking measurements to determine the displacement of the scow 
before and after loading. The determination of the quantity 
dredged is more frequently made by the measurement-in-place 
method, the soundings being taken at cross-section points 
(spaced as close as deemed necessary) before and after the dredg- 
ing is done. 

283. MEASURElCElfT OF SURFACE CURRENTS. — In certain 
engineering problems it is important to determine the direction and 
velocity of the tidal currents in a harbor at various points and at 
various stages of the tide. This may be done by setting off floats 
from points whose locations are known or can be determined, 
and locating these floats from time to time by sextant angles taken 
between signals on shore. The float used for this purpose should 
set deep enough in the water to be carried along by the current and 
not appreciably affected by the wind. A satisfactory float can 
be made by using a piece of joist 
about two feet long, weighted with 
lead at one end so that the top pro- 
jects but little above the surface of 
the water. (See Fig. 113.) In order 
to make the float visible at a dis- 
tance it should have a small flag 
of some bright color attached to it, 
but this flag should not be larger 
than is absolutely necessary, as a 
strong wind might carry the float 
out of its true course. Floats should 
be numbered and a proper record 
made in the note-book, showing the position of each float and the 
time when it was located. In locating a float the boat is pulled up 
alongside of it and sextant angles taken just as in locating sound- 
ings. Notes as to the stage of the tide and the direction and 
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velocity of wind should be made in connection with the float 
observations. The results of these measurements may be plotted 
so as to show the path taken by each float, which, together with 
the observed times, will give its velocity. For convenience in 
studying the currents the observations at different stages of tide 
may be worked up on separate plots. 



CHAPTER IX. 

MBA8X7RBBABNT OF THE FIiOW OF WATER IN OPBN 
CHAIVNZILS. * t 

284. DEFIinxiONS. — The volume of water flowing in a stream, 
called the discharge^ or in some cases called run-ojf, is usually 
expressed as a rate of flow and in one of the following units. 

Second-feet is the unit of flow most commonly used. It is an 
abbreviation of cubic feet per second and is the quantity of water 
flowing in a stream one foot wide, one foot deep, and with an 
average velocity of one foot per second. 

Gallons per minute and gallons per day are common units of 
flow in connection with pumping and city water supplies. 

The miner^s inch, a common unit of flow used by miners and 
irrigators in the West, is the quantity of water that passes through 
an orifice one inch square under a head (depth of water above the 
orifice), which varies in the different states, being defined by 
statute. The California miner's inch, which is probably the 
most common, is equivalent to A of a second-foot. (See Vol. I, 
Art. 341, p. iio,) 

Second-feet per square mile is the ratio of the discharge at the 
point considered to the tributary drainage area of the stream above 
that point, the discharge being expressed in second-feet and the 
drainage area in square miles. It assumes that the run-off is 
uniformly distributed, both as regards time and drainage area, 
which of course is not true. It is a convenient unit for com- 
paring the run-off of different drainage areas. 

Besides the above-mentioned units the discharge of a stream 
is frequently expressed as an actual quantity of water, the fol- 
lowing being common terms of this nature. 

Run-off in inches is the depth, in inches, to which the drainage 

♦ This chapter was written by Mr. H. K. Barrows, Engineer U. S. Geological 
Survey. 

t For a more complete treatment of this subject see "River Discharge," by 
Hoyt and G rover, published by John Wiley & Sons. 
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area would be covered if all the water flowing from it in a given 
period were conserved and uniformly distributed over the surface. 
It is used for comparing run-oflF with rainfall, the latter being the 
average precipitation for the period as determined by rain gauge 
observations, and usually expressed as depth in inches. Run-off 
in inches is also a convenient unit in computations regarding 
storage of water in natural or artificial reservoirs. 

An acre-foot is the quantity of water required to cover an acre 
to the depth of one foot; it is equivalent to 43,560 cubic feet. 
One second-foot flowing for 24 hours will deliver approximately 
2 acre-feet, or in other words, one second-foot is approximately 
one acre-inch per hour. This unit is commonly used in connec- 
tion with storage for irrigation work. 

285. Theory of Stream Flow. — Steady flow in a channel is 
said to occur when the same quantity of water per unit of time 
passes through each cross-section. While at times the flow in 
a channel may be said to be nearly or quite steady, it is evident 
that the natural regimen of stream flow is one of continual change 
and variation owing to the irregular manner in which water 
is supplied from adjacent drainage areas and by tributaries. 
Moreover, many rivers are now controlled by dams, where water 
is used intermittently, thus causing still further variation in flow. 
For practical purposes, however, at a given section of river and 
for short periods of time the flow will usually be found to be 
nearly steady or else to vary with suflScient regularity to permit of 
the determination of its average amount. 

Uniform flow is a special case of steady flow and would occur 
if all water cross-sections were alike, so that with the same quan- 
tity of water passing each cross-section per second the mean 
velocity in each section would be the same. This would be the 
case with a conduit or canal of constant size and slope and whose 
supply does not vary. 

If the stream bed were perfectly smooth and frictionless the 
water, under constant supply, would tend to flow with accelerated 
motion under the action of the force of gravity, but owing to 
resistances primarily caused by the roughness of the bed and 
banks this tendency to accelerate is overcome, and the result is 
approximately steady flow. The resistances include not only 
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surface friction but also the effect of eddies and "boiling" of the 
water. 

286. The Chezy Formula for Velocity of Flow. — The relation 
between velocity, cross-sectional area, and slope of a stream for 
different discharges is a complex one. The formula for velocity 
in most general use is that deduced by Chezy, an empirical 
formula assuming a condition of uniform flow; it is 

F = CV;i* [54] 

In this formula V = mean velocity of flow in the cross-section 
considered, this being equal to the discharge divided by the cross- 
sectional area, the usual units being discharge in second-feet, 
area in square feet, and mean velocity in feet per second. 

The term r is the hydraulic mean depths or, as more often called, 
the hydraulic radius^ and is the ratio of the water cross-section to 
the wetted perimeter (the portion of the cross-sectional perimeter 
wet by the flowing water). If the area is expressed in square 
feet and the wetted perimeter in feet, r will be in feet. For 
ordinary rivers where the width is many times the depth, it is 
evident that the hydraulic radius is approximately equal to the 
average depth, hence the term hydraulic mean depth. 

The term s is the slope of the water surface in a longitudinal 
direction and is expressed as the ratio of the fall to the length in 
which that fall occurs. Both the fall and the length should be 
expressed in the same unit. 

C is a coefficient which varies with the physical characteristics 

of the stream bed, with the hydraulic radius, and with the slope. 

Kutter's formula (deduced in 1869 by Ganguillet and Kutterf 

from a study of many gaugings of flow) is an empirical formula 

intended to give values of C in the Chezy formula for different 

values of r, 5, and roughness of bed n. It is as follows (for 

English units). 

, , 1. 811 , 0.00281 
41.65 + — — + ^^ 

c - —^ ^4^1::^- [55] 



I + 



/ , , 0.00281 \ n 
(41.65 + -^-)^ 



* For a discussion of this formula see Merriman's Hydraulics, p. 269. 
t See Hering and Trautwine*s translation of "Flow in Open Channels/* by 
Ganguillet and Kutter, published by John Wiley & Sons, N.Y. 
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In this formula n is an abstract number whose value depends 
only upon the roughness of the channel. The following are the 
values of n assigned by Kutter to different surfaces. 

For a lining of pure cement plaster; planed timber; glazed 
surface in perfect order, n = o.oio. 

• For unplaned timber in good order; plaster of sand and cement; 
clean iron and steel surfaces, n = 0.012. 

For brickwork; well-dressed stonework; iron; cement and terra 
cotta in perfect condition, n = 0.015. 

For canals in earth or gravel, straight, well trimmed, in perfect 
order, and lined with a film of sediment, n = 0.020. 

For rough rubble; brickwork in bad order; good earth canals 
in perfect order, n = 0.0225. 

For canals in earth in average condition, free from stones and 
weeds; rivers above the average in regimen, alignment, and 
uniformity of cross-section and slope, and free from detritus, 
n = 0.025. 

For canals in rather bad order, having stones or weeds occa- 
sionally; rivers in fair order and regimen, n = 0.030. 

For canals in very bad order, having stones and weeds in large 
quantities; rivers rather below the average in order and regimen, 
n = 0.035. 

The use of Kutter's formula (numerically) involves much 
labor in computation but the various tables and diagrams based 
upon it which have been constructed permit of obtaining results 
more rapidly. 

Table XI, p. 407, gives values of C for different values of n, r, 
and 5 for use in the Chezy formula. 

It will be seen by analysis of the Kutter formula that for a given 
slope and hydraulic radius the mean velocity of a stream is 

nearly proportional to - ; that is, the velocity is inversely pro- 
fi 

portional to the roughness of the stream bed. 

It must be remembered that the Chezy formula presupposes 

a condition of uniform flow, — a condition which is rarely or never 
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attained in the case of ordinary streams. Therefore the use of 
this formula must be limited to short stretches of river, with 
constant slope, in which there is little variation in cross-section 
and condition of bed. For artificial channels where area, slope, 
etc. can be regulated, and uniform flow prevails, the Chezy 
formula is in general use in the shape of tables and diagrams; 
the Swan and Horton " Hydraulic Diagrams for the Discharge 
of Conduits and Canals " and Church's " Diagrams of Mean 
Velocity in Open Channels " are both in convenient form. 

287. The General Nature of Measuremehts of Stream 
Flow. — The flow of a river is primarily a function of the rain- 
fall upon its drainage area, and is therefore subject to fluctuations. 
To procure an accurate knowledge of this flow at all times 
requires frequent and systematic observations and is much more 
difficult and expensive than the measurement of the amount of 
water flowing at a given time. With the exception of a few 
records of the continuous flow of rivers kept by private corpora- 
tions this work has been left entirely for the national government 
to do, and for several years annual reports of stream flow at vari- 
ous points on important rivers have been issued in the form of 
"Water Supply and Irrigation Papers" by the U. S. Geological 
Survey. This information serves as a basis for the work of the 
private engineer, who can, by carrying on measurements of flow 
for a short time at the locality in which he is interested, secure 
sufficient data to enable him to estimate discharge by comparing 
his records with the longer-timed Government records taken at 
some point in that vicinity. 

The general subject of determining flow may be divided as 
follows. 

(i) Determination of flow at a given time, or during a short 
period of time. 

(2) Determination of flow during a considerable period of 
time, covering seasonal and annual fluctuations. 

The instruments and methods used are the same up to a certain 
point in both of these classes of work, the additional essential in 
the case of long time records of flow being the recording of the 
variations in river height by means of some form of gauge. 
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288. Instruments for Measuring differences in level 
OF Water. — The Hook Gauge (Fig. 114) is the most accurate 
instrument for measuring difference in level of water. It con- 
sists essentially of a hook with a needle point fastened to a verti- 
cal movable scale, which by means of a vernier 
can be read very closely, often to TvivTr ^^^t. The 
hook is lowered just beneath the surface of the 
water and then slowly raised by a micrometer 
screw at the top until the point just touches the 
surface. Very accurate determinations of water 
level can be made in this way, the gauge being 
securely clamped to some firm support and the 
elevation of the zero of the scale determined by 
careful leveling. The hook gauge is frequently 
used to determine the depth of water flowing over a 
weir (Art. 308, p. 327), in which case it is first 
necessary to determine the gauge reading for the 
crest of the weir, or the reading when the water 
is just level with the crest. This is called the '^zero 
gauge reading,^^ which is subtracted from other 
gauge readings to obtain the depth of water flowing 
over the crest. 

289. The Staff Gauge in its various modifica- 
tions is used most generally for noting changes in 
water level. In its simplest form this is a smooth 
boaril, from 4 to 10 inches wide, set vertically in the 
water, attached to some stable support, as a pier or 
wall, and graduated by painted lines, or preferably 
by metal staples, so that it can be easily read, the 
distance ajxirt of the units of graduation depend- 
ing upon the {precision desired in gauge readings. 
For ORiinar}' obser>ations of river height a gauge 
of this kind should Ih^ graduated to feet and tenths of feet, 
and the obser\Tr should read to the nearest tenth of a fooL 
For moro cart^ful wi^rk the tenths are subdiWded to half-tenths, 
jx^rmiiiing the easy estimation of hundredths; where greater 
prtvision is dosinxi ever\* hundredth is shown. More permanent 
forms of staff gauges, made of cast iron or of enameled metal 
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strips, are used where observations are continued over long 
periods of time. (See Vol. I, Art. 238, p. 212.) 

290. The Chain Gauge, described in Art. 259, p. 290, is largely 
used for observations of river height, especially by the U. S. 
Geological Survey. It is really a modification of the staff gauge 
and has the great advantage that when not in use it is safe from 
blows by any floating object such as ice and logs. Its disadvan- 
tage is the tendency of the chain to stretch and the necessity of 
frequent adjustment and correction in length. 

291. Float Gauges are frequently used at power stations where 
it is desirable to have gauge readings made inside the building. 
A hollow air-tight copper cylinder floats in a pipe of slightly 
larger diameter set vertically in the water. The float is con- 
nected by a wire or chain over suitable pulleys, and a marker 
attached to the wire moves over a scale where the readings are 
made. 

292. Automatic Gauges are sometimes used where a continu- 
ous record of water level is desired. These are of various kinds, 
a common form consisting essentially of a drum upon which is 
fastened a sheet of record paper, and the drum made to revolve 
by clock-work at a regular rate, the record of water level being 
transferred by a recording pencil or pen, which is in turn con- 
nected by a suitable reducing device with a float which moves 
up and down with changes in water level. 

293. Piezometers. — Heights of water surface may also be 
measured with refinement by a piezometer^ or manomelery con- 
sisting of a vertical glass tube with graduated scale, the tube 
being connected with the flowing water by means of a pipe. 
The piezometer float gauge is a modification of the piezometer in 
which a small float and index is used in the vertical tube to enable 
exact readings on the scale to be made. In either case the con- 
necting tube should enter the channel of flow exactly at right 
angles to the direction of flow and be cut oflf flush with the side 
of the channel. 

294. Plumb-bob. — A steel tape and plumb-bob, passing over 
a pulley or rounded surface and referred to a horizontal scale, 
is another device sometimes used for careful measurement of 
fluctuations in water level. 
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295. UVSTRUMEHTS USED FOR MEASURIHG THE VELOCITY 
OF Flowing Water. — Floats. — The velocity of water may be 
measured directly by determining the velocity of a body, such as 
a float, which moves along with the water. A simple fonn of 
surface float, i.e., one which is intended to move on or near the 
surface of a river, consists of a corked bottle with a flag in the 
top and weighted at the bottom. 

296. The tube float is a copper or tin tube weighted at its 
lower end so that it will stand vertical in the water. It is made 
long enough to reach nearly to the bottom of the channel and 
to project a few inches above the water surface. As each float 
should fulfil these conditions it is evident that a number of tubes 
of different lengths will be required for different depths of water. 
Rod floats made of wood similar in shape to the tube floats are 
also used. 

297. Use of Floats. — Surface floats are used for approximate 
determinations of velocity, as for example in freshet flow where 
no other method can be used, owing to floating ice, etc., or in 
making a reconnoissance where only an approximate value for 
the flow is desired. 

298. Tube and Rod Floats are best adapted for use in canals 
or artificial channels, where the depth of water is fairly constant. 
They have the advantage of being simple in form and construc- 
tion, of interfering Uttle with the velocity of the water, and of 
being little affected by silt, floating ice, etc. On the other hand, 
they are affected somewhat by wind, cannot be used in deep 
streams or where the bed is rough and irregular, and are expen- 
sive to operate. 

299. Current Meters. — The velocity of flow may also be 
measured indirectly by means of a current meter, which consists 
essentially of a wheel with cups or vanes so constructed that the 
impact of flowing water will cause the wheel to revolve, the num- 
ber of revolutions being indicated by some counting device. 
Current meters may be divided into two classes: 

(i) Those in which the revolving part turns about a vertical 
axis. 

(2) Those in which it turns about a horizontal axis. 
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The former class is illustrated by the Price meter (see Fig. 115) 
and the latter class by the Haskell and Fteley meters (Figs. 117 
and 118, pp. 323-4). 

300. The Price Meter. — The Price meter is in most 
general use and has been largely developed and used by the 




Jig. 115. Price Current Meter 

(From U. S. Geological Survey.) 



U. S. Geological Survey. It is made in two sizes and consists 
of a wheel (Fig. 116) made with cups fastened to a vertical shaft 
and turning upon a sharp steel point in a conical bearing which 
is capable of adjustment at e. The wheel and shaft are carried 
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by a yoke F, to which is attached a vane V, a stem 5, at the 
bottom of which a weight is attached, and trunnion T, to which 
last is hooked the cable supporting the meter, and which is 
usually composed of two insulated electric wires. 

The current meter may also be suspended by a single wire, 
using the ground and water to complete the circuit needed to 
operate the recording apparatus, which must be of the telephone 
receiver type in order to be successfully used. The wire is 



Section A- A 




Fig. 116. Details of Price Current Meter. 



insulated from the body of the meter but connected with the 
spring in the head of the meter which makes and breaks the 
circuit. The other end of the wire passes in circuit through the 
battery cell and telephone receiver and is connected with a con- 
ductor leading to the ground, such as a bridge iron, the station 
cable, or an extra wire stretched along the bridge. This method 
of operating the current meter is especially applicable in streams 
of great depth and high velocity, as a comparatively small steel 
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Wire (piano wire) can be used and offers Utile resistance to the 
current. 

While the upper end of the wheel shaft is held in place by a 
bearing surface the weight of the wheel is carried upon the lower 
point, and in order that no shock may come upon this point 
while the meter is being carried from place to place a sleeve 
nut k is arranged to be screwed down against the frame, thereby 
lifting the shaft and bringing the bearing off the point. 

The device for indicating revolutions of the meter wheel is 
shown in the cross-section of "i4-i4." One of the small wires 
from the cable enters the middle binding post at d, extends 
through the hard rubber circular insulating nipple c, and termi- 
nates in a slender platinum spring a. The top end of the shaft 
of the meter wheel at m is slightly bent, so as to give it an eccen- 
tric motion as the wheel revolves, thus making and breaking the 
electric circuit with each revolution. 

A small compact form of battery is employed, which is 
arranged in a case with a form of "buzzer," or sounder, and 
fastened to the upper end of the wire cable supporting the meter, 
the contact \vires being properly connected with the poles of the 
battery. The revolutions of the meter, as indicated by the 
"buzzer," are counted by the observer. 




Fro. 117. Haskell Current Meter. 

(From U.S. Geological Survey.) 



301. The Haskell Meter. — The Haskell current meter 
(Fig. 117) is of the screw propeller type, with horizontal axis of 
rotation, arranged for electrically recording revolutions in a 
manner similar to that of the Price meter. 
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302. The Fteley Meter. — The Fteley current meter 
(Fig. 118) has a wheel made up of helicoidal blades, which 
rotates upon a horizontal axis. The older form is arranged with 
a mechanical recorder operated by gear wheels and has to be 
lifted from the water and read after each velocity observation. 




Fig. 118. Fteley Current Meter. 

(From U. S. Geological Survey.) 

This meter is also arranged with an electrical recording device, 
which, however, involves considerably more friction in the con- 
tact parts than does that used with the Price meter. The 
Fteley meter is used wholly by means of a rod, thus limiting its 
scope in depth and velocity, whereas the Price and Haskell 
meters may be operated by either rod or cable. 
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303. Rating Current Meters. — The relation between the 
revolutions of the meter wheel in a unit of time and the velocity 
of flow is determined by rating the meter, i.e., by moving it along 
in still water at various speeds and determining the relation 
between revolutions and velocity. A car to which the meter is 
attached, either by cable or rod, is commonly used for this pur- 
pose, being pushed along a track close to the water's edge. 

The values observed are plotted in the form of acurve (Fig. 1 19), 
using velocity in feet per second as abscissas and revolutions per 
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Fig. 119. Meter Rating Curves. 

second as ordinates. This curve is usually a straight line except 
near the origin, where, with meters of the Haskell and Fteley type, 
it is curved slightly downward owing to the efiFect of friction of the 
bearings. The curve for the Price meters is usually a straight line 
throughout. A meter rating table is made from the plotted curve 
for convenience in use. 
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Where a suitable rating apparatus as above is not available 
a current meter may be rated by prop)elling a boat through a 
stretch of still water, or by moving the meter through the water 
by the side of a wharf. 

304. Use of Current Meters. — The current meter is, in general, 
the most satisfactory instrument for measuring stream flow, since 
velocities can be accurately taken at nearly all points in the 
cross-section of the stream, if desired, and over a sufficient length 
of time to obviate the efiFect of pulsations in flow. It cannot be 
used where weeds, grass, or floating ice occur, but on the other 
hand it furnishes the only means of measuring velocity of flow 
under ice cover. Current meters must be frequently rated, how- 
ever, and used with considerable care. 

305. METHODS OF MEASURING STREAM FLOW. — There arc 
three distinct methods of determining the flow in open channels, 
as follows. 

(i) By measurement of slope and cross-section and the com- 
putation of flow by the Chezy formula. 

(2) By means of a weir or dam, observing the head of water 
on the crest and computing the flow. 

(3) By measurements of the velocity of current and the area 
of the cross-section, their product giving the discharge. 

306. SLOPE METHOD OF MEASURING STREAM FLOW. — The 
slope method of measuring stream flow requires a straight stretch 
of river of uniform slope and cross-section. The difference in level 
of the water surface at two cross-sections, as far apart as practi- 
cable, must be carefully determined. This will require the use 
of hook gauges (Art. 288, p. 318) for the best results, and obser- 
vations for a given section should be made at each shore and 
their mean taken and used as the elevation of the water surface 
at that section. The water surface near the middle of a stream 
is often at a slightly higher level than that at the sides, but if 
care is taken in selecting a stretch of river in which the distri- 
bution of flow is approximately the same at all cross-sections no 
error of consequence will be involved in slope measurements by 
locating the hook gauges near the shores. 

The hook gauges are connected by careful lines of levels, and 
a sufiicient number of cross-sections of the stream obtained to 
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give an average value of the area and of the hydraulic radius as 
explained in Art. 286, p. 315. Assuming a proper value of n for 
the given conditions, the discharge is then computed by the Chezy 
formula, using tables or diagram. 

307. Limitation and Use. — The results obtained by the slope 
method are as a rule only approximate, principally owing to the 
difficulty in securing favorable conditions of flow, in measuring 
the slope, and in assigning a proper value of n in Kutter's formula. 

When other methods are not convenient this method is of 
value in estimating approximately the flood discharge of a stream, 
frequently by use of high-water marks left after a flood. 

308. Weir method of measuring Stream Flow. — A 
weir is a notch in the top of the vertical side of a vessel or reservoir 
through which water flows. This'notch is usually rectangular, with 
a horizontal lower edge called the crest. The upstream edge of the 
crest of a weir is usually made exactly rectangular and the crest 
itself thin, so that the water in flowing out will be completely 
contracted, touching the crest only in the line of its inner edge. 
In this form the weir is known as a thin-edged or standard weir^ 
and provides one of the most accurate methods of measuring the 
flow of water. Where the vertical edges of the notch are at some 





Fig. 120. Weir with End 
Contractions. 



Fig. 121. Weir without End 
Contractions. 



distance from the sides of the channel of approach, so that the 
particles of water in passing around the ends of the notch move 
in a curved path, the weir is said to be one with end contractions 
(Fig. 120). In this case the length of the sheet of water passing 
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over the weir is less than the length of the weir. Where the edges 
of the notch coincide with the sides of the feeding canal, so that 
the particles of water at the sides pass over without deflection 
from the vertical planes in which they move, the weir is said to be 
one withotU end contractions or with end contractions suppressed 
(Fig. 121 ). 

The head of water flowing over the crest of the weir is deter- 
mined by means of a hook gauge (Art. 288, p. 318) or by a 
scale set sufficiently far up stream to avoid the surface curve 
formed by the water as it passes over the weir crest (usually 5 or 
6 feet) and referred to the crest level. The flow is computed by 
formula. 

309. Weir Formulas. — There are numerous weir formulas, 
but those of Hamilton Smith given below are convenient in appli- 
cation. 

Q = cbH^ [56] 

where Q = discharge in second-feet, 

c = a constant based upon various experiments, 
b = length of crest of weir in feet, 
H = head on crest of weir in feet. 

The value of c is taken from the Tables XII and XIII, pp. 408-9, 
separate tables being given for suppressed and contracted weirs. 

The Francis, the Fteley and Steams, and the Bazin formulas 
for weirs are all in common use.* 

Where the channel above the weir is narrow the velocity of 
approach may have to be considered in weir computations. This 
is the mean velocity of the water in the channel at the section 
where the hook gauge is placed, and tends to increase the 
discharge. 

In the Smith formulas H is increased as follows to allow for 
velocity of approach. 

H^ = i/ -f 1.4 A, for contracted weirs. H„ = H + iJA, for 
suppressed weirs. In these formulas H^ is the head on the crest 

♦ See Water Supply and Irrigation Paper No. 200, U.S. Geological Survey 
for Weir Experiments, Coefficients, and Formulas. 
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of the weir corrected for velocity of approach, this being used 
instead of il in formula [56]. 

V^ \a) 
The term A = — = , where a is the cross-sectional area of 

2g 2g 

approach channel in square feet at the hook gauge, V is the 
mean velocity in this cross-section in feet per second, and g is the 
acceleration due to gravity (usually considered as 32.16 feet per 
second per second). 

In making this correction V can first be computed neglecting 
velocity of approach, and this approximate value used in com- 
puting A, a step which usually involves only slight error. In 
refined calculations h should be recomputed, using the new value 
for F, and Q calculated anew. 

310. Submerged Weirs. — In a submerged weir the water on 
the downstream side stands above the crest level. Such a weir 
sometimes has to be utilized in measurements of flow in connection 
with works of river improvement, canals, etc., or may be neces- 
sary in situations where the loss of head will preclude the use of 
an ordinary weir. 

Let H be the head above the crest measured by the hook gauge 
in the usual manner on the upstream side of the weir, and H' 
be the head above the crest, of the water on the downstream side 
of the weir, measured by a second hook gauge. If the level of 
the water on the downstream side of the weir is lower than the 
crest, then the flow is the same as for an ordinary weir provided 
there is full access of air beneath the sheet of water. As the water 
level on the downstream side rises, the contraction of the weir 
crest is suppressed as soon as if' has any appreciable value, and 
the discharge is therefore increased; but as H' is further increased 
the discharge is diminished on account of the efiFect of backwater 
on the downstream side. 

There are several formulas in use for computing the flow over 
submerged weirs, all based upon experiments which have been 
almost entirely confined to weirs without end contractions. 
HerschePs * formula, based upon experiments made by Francis 

* Transactions Am. Soc. C.E., 1885, Vol. XIV., p. 194. 
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and by Fteley and Steams, is in convenient form. The observed 
head H is first multiplied by a number n which depends upon the 
ratio of H' to H and the discharge is obtained from the formula 

Q = 3.33 b {nH)i [57] 

Vahies for n may be found in Water Supply Paper 200, p. 140, 
or in Merriman*s Hydraulics, Table 27. 

311. Construction of Weirs. — On small streams a weir can 
readily be made of planks and timbers, taking care to shut off 
any flow of water underneath or at the sides, by driving sheathing. 
The crest can be made of a plank, with square edge upstream and 
with a chamfered edge on the downstream side, so that the width 
of crest will not be more than } inch. For a more permanent 
crest a steel angle iron may be used. One leg of the angle iron is 
set vertically, its edge planed to a true right angle and then 
chamfered in a similar way as described above. In any case 
care must be taken to set the crest exactly level. 

Where considerable fluctuation in flow occurs it may be desir- 
able to have the crest in two levels such that the smaller quantities 
can be carried by the low part of the weir, which is made quite 
short so that the depth of flow will not be too shallow. This is 
necessary on account of the relatively large percentage error 
involved in measuring low heads. To illustrate, an error in 
measured head of 0.0 1 feet would mean an error of 15 per cent in 
flow, where the total head on the crest is o.i feet, and only 1.5 per 
cent where the total head is one foot. 

There are other precautions necessary in weir measurements. 
The depth of water on the upstream side of the weir crest should 
be considerable, so as to diminish the velocity of approach and 
insure complete contraction of water flowing over the crest. 
According to Hamilton Smith it should not be less than twice the 
head of water on the crest. 

The overfalling sheet of water, or nappe, should be perfectly 
aerated, this being insured by having a good fall below the crest 
down stream and a free entrance of air at the ends of the weir. 

Unless it is intended that end contractions be suppressed the 
width of the channel of approach should be sufficient to provide 
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complete end contractions, and the distance from the end of the 
weir to the side of the channel should be at least 2 H. 

Weirs are expensive to construct and maintain on streams 
of any considerable size, for they have to be constructed like 
any dam of the overfall type and in addition require considerable 
attention to keep the crest level and in good condition. 

312. Use of Dams as Weirs. — A dam can frequently be 
utilized as a weir in measuring the flow of a stream, if the physical 
characteristics of the dam are suitable and the manner of use of 
water around and through it will permit. 

The essentials as regards the dam are (i) sufficient height so 
that back water below the dam will not interfere with free fall 
over it, (2) little or no leakage, (3) level crest, (4) crest and 
cross-section of some form for which the coefficient c is known in 
the usual weir formula Q = cbH^. 

Numerous experiments have been made to determine values 
of C in this formula for different types of broad crested dams, 
or weirs. The most recent compilation of data regarding C is 
in Water Supply Paper No. 200, U. S. Geological Survey. As 
there noted, the formula Q = 2.64 bH"^ is applicable to broad 
crested weirs or dams, whose crests exceed 2 feet in width and 
having heads from 0.5 feet up to 1.5 or 2 times the breadth of the 
weir crest. 

If water is used through or around the dam its amount must be 
measured either by weir or by current meter, or, where turbines of 
standard make are installed, the quantity may be estimated from 
the head, gate opening, and speed.* 

313. " VELOCITY" METHOD OF MEASURING STREAM FLOW. — 
General Requirements. — The discharge through a certain sec- 
tion of the stream at a given time is the product of two factors, 
viz., the mean velocity and the area of the cross-section. In the 
velocity method of measuring stream flow these two factors are 
determined separately, the area by means of soundings (Art. 275, 
p. 305) and the velocity either by floats or current meters. 

The essential requirements in channel conditions for securing 
good determinations of velocity are much the same, whether these 

* See Water Supply Paper No. 180, published by the U. S. Geological Survey. 
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are made by current meter or by floats. The chamiel should be 
straight, both above and below the portion of the river where 
the gaugings are made, and the bed of the stream fairly even in 
cross-section and free from bowlders, so that cross currents, 
"boiling" of water, etc. will not occur. 

314. Variation of Velocity in a Given Cross-Section. — The 
variation of velocity in the cross-section of a stream flowing in an 
open channel follows in general fairly well-defined laws which 
are little affected by changes in stage. This makes it possible 
to determine the mean velocity of flow at a given time by a com- 
paratively small number of observations of velocity, provided 
these are properly distributed in the cross-section. 

In any given vertical section the velocity varies at different 
depths, and also the mean velocity in vertical sections varies 
with the distance of the sections from the banks of the stream. 
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Fic 122. Typical Vertical Velocity Curve. 
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315. I. Velocity in the Vertical. — If the velocities at 
different depths in a vertical section a short distance from the 
stream banks are plotted as abscissas and depths as ordinates it 
will be found that the typical vertical velocity curve (Fig. 122) is 
approximately that of a parabola with a horizontal axis. It will 
vary in form, however, with variation in total depth, mean 
velocity, condition of bed of channel, effect of wind, distance from 
the banks, etc. Usually the maximum velocity is at a point o.i 
to 0.3 of the total depth below the surface. The surface velocity 
is somewhat less than the maximum, the mean velocity is at 
about 0.6 the total depth, and the minimum velocity at the 
bottom. From experiment it has been found that the mean of 
the velocities at 0.2 and 0.8 of the total depth is quite closely the 
mean velocity in the vertical. 

316. 2. Velocity from Bank to Bank. — If the mean veloci- 
ties in the verticals at different distances out from either shore are 
plotted as ordinates, and the corresponding distances from the 
shore as abscissas, a horizontal mean velocity curve is obtained. 
The form of this curve will vary largely with the cross-section. 
Usually the maximum velocity will be at or near the middle of 
the stream and the minimum velocity at the banks. If piers or 
other obstructions occur in the section the curve may be quite 
complex. It is not practicable to find any one vertical section in 
the stream whose mean velocity will be the mean velocity for the 
entire cross-section. 

317. USE OF FLOATS IN DETERMINIWG VELOCITY AND 
Discharge. — The kinds of floats in common use have been 
described in Arts. 295-6, p. 320. In measuring velocity by 
means of surface floats record is made of the time taken by the 
float to pass over a selected stretch of a river, say, from 50 to 200 
feet or more in length. 

A sufficient number of such velocity determinations is made at 
different points across the width of the stream to determine the 
mean velocity of the whole section. By plotting as abscissas the 
mean position of the floats, as indicated by the distances from 
the bank, and as ordinates their average velocity, a curve show- 
ing the variation in velocity between the banks can be obtained, 
and from this the mean velocity of the whole cross-section may 



334 MEASUREMENT OF THE FLoW (iF WATER [Chap. IX: 

Ix- determined. The product of this mean velocity and the 
average cross-sectional area is the discharge. Since the surface 
velocity is U'-ually greater than the mean velocity it is necessar\' 
lo multijMV the ob^er^•c^ results by a coerncient (usually about 
0.85 ) to reduce the ob>er\ed velocity to the mean velocity in the 
vertical. -Stre form of vertical velocity cur\'e. Fig. 122, p. 332.) 

Tulje or rod lloats are intended to give directly the mean 
velocity in the vertical. The velocities obtained with them, 
however, must be corrected slightly owing to the fact that they 
do not move through that portion of the water near the bottom 
of the channel, nor at exactly the same velocity as the water 
itself, so that the true mean velocity is somewhat less than that 
measured by the tulje float. 

Francis deduced the following empirical formula for use in 
such ca>es. 

V„ = l%(l.OI2 -O.I 16 \ ^) [58] 

where ]'„, is the mean velocity desired; Vr is the mean velocity 
of the tube float; d is the total depth of the stream; d' is the depth 
of the water below the rod. In using this formula, however, rf' 
must be small in comparison >\'ith d. 

318. CURRERT METER DETERMIHATIOirS OF VELOCITY AND 
DISCHARGE. — Appliances Used. — The use of a current meter 
in obtaining velocity of stream flow requires some means for 
placing the meter at any point in the stream cross-section. Where 
available, a bridge can be used for this purpose, and on account 
of the height of bridge floor above the water this usually requires 
that the current meter be suspended by cable. If no bridge is 
available a boat or canoe may be used, the boat being held in any 
given position by means of stay lines stretched across the stream 
at bow and stem. (See Fig. 123.) The bow is pointed up- 
stream and the meter either suspended by a cable from an out- 
rigger and pulley, or fastened to a rod which is held vertically in 
front of the bow of the boat. For more accurate results than can 
be obtained by the use of a boat a wire cable stretched across the 
stream with a box or car running on the cable for the obser\'er 
can be used. Where the stream is not too deep excellent results 
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may be obtained by wading and holding the meter fastened to a 
rod. In any case it is necessary to lay ofiF, transverse to the axis 
of the stream, stations spaced at equal distances apart, the inter- 
val depending upon the width of the stream, and beginning with 
some suitable reference point on the bank. These stations may 
be marked with paint or chalk if on a bridge, or by a tagged 




Fig. 123. Boat SxATtON. 

(From U.S. Geological Survey.) 



line where a boat or cable is used or when measurements are 
made by wading. Either a gauge should be read at the beginning 
and end of the work or the distance measured to the water surface 
from some fairly permanent reference point, so as to determine 
the stage of the river at which the gauging is made. Soundings 
can usually be made with the meter by graduating the rod used 
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for supporting it, or, in case the meter is suspended by a cable, 
by using a cloth tape and reference mark on the bridge, boat, or 
car, taking these readings usually to the nearest o.i of a foot. 
The distance apart of these soundings and their accompanying 
velocity observations will depend upon the width of the stream, 
varying from 2 feet or less, with very narrow streams, to 25 feet 
or more, where very wide. 

319. Methods for Velocity Observations in the Vertical. — 
There are three general methods in use for determining the mean 
velocity in a vertical section. 

(i) Multiple Point 

(2) Single Point 

(3) Integration 

In the Multiple-Point Method the meter is held at two or more 
points in the vertical, an observation being made at each point by 
counting the number of revolutions of the meter for a given 
number of seconds, usually for 50 or 25 seconds, repeating this 
over an additional time period of the same amount to serve as a 
check and to further eliminate the efiFect of pulsations. There 
are several multiple point methods in use; the most accurate, 
called the vertical velocity curve method^ consists in taking a 
sufficient number of observations in the vertical to enable the 
vertical curve to be plotted, from which the mean velocity is ' 

obtained by scaling or by planimeter. A quicker method, called | 

the 0.2 and 0.8 method ^ usually accurate within a small percentage, 
is to observe the velocity at 0.2 and 0.8 total depth respectively, 
the mean of these being the mean velocity in the vertical. This 
is the method now in most general use by the U. S. Geological 
Sur\'ey. I 

320. In the Single-Point Method the meter is held at the j 
depth of the thread of mean velocity, or at some depth for which 1 
the coefficient for reducing to mean velocity has been determined. ' 
The most common method of this kind is the 0.6 depth method, \ 
this being approximately the depth of the thread of mean velocity, ' 
and gives the mean velocity with sufficient accuracy in most cases. I 

In another single point method called the sub-surface method^ i 

the meter is held just below the surface, usually about i foot, and j 

I 
I 
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a coefficient, usually about 0.90 is applied, to obtain the mean 
velocity. This is a very useful method where the current is so 
swift as to interfere with holding the meter at a greater depth, and 
is much used during high-water stages. 

321. In the Integration Method the meter is moved at a 
slow, uniform speed, from the surface to the bottom and back again 
to the surface, noting the number of revolutions and the time taken 
in the operation. It is not a convenient method for use, although 
fairly accurate if the meter is moved slowly up and down. The 
Price meter is not as well adapted to this method as are the other 
forms, owing to the fact that a vertical movement of the meter 
through the water, whether up or down, will increase the number 
of revolutions of the wheel and thus give observed velocities which 
are too large. 

322. COMPUTATIOIf OF DISCHARGE. — In computing the dis- 
charge from the observed velocities the cross-section is considered 
as divided into vertical strips, each sounding and its correspond- 
ing vertical velocity observation having been taken at the middle 
verticals of the strips. The area of a strip is substantially equal 
to the observed depth at its middle point multiplied by the width. 
The area of a given strip, multiplied by the observed velocity at 
its middle vertical, gives the discharge through the strip. The 
summation of these elementary quantities gives the total discharge. 
Fig. 125 is a typical set of current meter notes and computa- 
tions. It will be seen that the velocity observations were taken 
at 0.2 and 0.8 of the total depth except at the banks. Fig. 124 




Fig. 124. Cross-Section of River, Illustrating the Current Meter 
Measurements and Computations given in Fig. 125. 

is a cross-section of the river where these measurements were 
taken. 
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Gauging hade Aug. 24, 1907, by J. L. Brown on White River at Sharon, 
State of Vermont, Gauge Height in Feet: Beginning, 3.58; End, 3.62 ; 
Mean, 3.60; Meter No. too; Total Area, 230 sq. ft.; Mean Veloc- 
ity, 1.27; Discharge, 292. 
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Fig. 125. Current Meter Notes and Computations. 

323. Measurements of Flow of Ice-Covered Streams. — The 

use of weirs or dams in measuring the flow of streams in winter is 
frequently impossible unless the crest can be kept clear of ice. 
Measurements of flow by means of the current meter can usually 
be made through holes cut in the ice, except where accumulations 
of anchor and needle ice prevent. The methods suitable for 
current meter velocity observations under ice cover are: 

(i) By taking vertical velocity curves. 

(2) By the 0.2 and 0.8 method, which gives practically as good 
results for ice cover as for open section. 
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(3) By observations at 0.5 depth (i.e., below bottom of ice), 
and the application of a coefficient of 0.88, this usually giving the 
mean velocity within a few per cent. 

324. Measurement of Flow in Artificial Channels. — In the case 
of canals, flumes, etc. any of the methods previously described 
for streams may be used where the flow is not affected by draft 
through wheels or gates. For example, where water is being 
drawn from the lower end of a canal or head bay, through water 
wheels, the flow is no longer like that in an ordinary channel, the 
distribution of velocity in the vertical and horizontal being quite 
different. Float measurements may still be made, but the shorter 
current meter methods will not in general give good results. 
Under such conditions the best method of obtaining velocity by 
current meter is to use the vertical velocity curve method or 
integration method. 

325. Methods of Estimating Stream Flow During a Period of 
Time. — Estimates of stream flow covering a period of time may 
be made 

(i) By means of weirs or dams, observing daily the gauge 
heights on the crest. 

(2) By the velocity method, using either current meter or 
floats for occasional measurements of flow at different stages, and 
some form of gauge for obtaining a record of daily stage of the 
river and to which the discharge measurements can be referred. 

The gauge heights for daily stage in any of the above methods 
should be taken in sufficient number to give an average deter- 
mination for the day. Usually a reading in the morning and at 
night will suffice, but where large fluctuations occur on account 
of the pondage of water in dams etc. more readings may be 
necessary. 

If the velocity method be used great care must be taken in 
locating the gauge so as to obtain good results. The bed and 
banks of the stream at and near the gauge should be fairly per- 
manent in character, besides complying with conditions previously 
noted for good velocity measurements. The mean velocity at low 
stages should not be much less than 0.50 feet per second for good 
current meter work, and the gauge should be sensitive to changes 
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in flow. Any back water influence from streams or dams below 
is fatal to the correct estimation of discharge. The gauge must 
be always kept at the same height, and should frequently be 
checked up by a level, using some permanent bench mark as a 
reference point (see Art. 259, p. 290). The results of the sepa- 
rate discharge measurements are plotted, using discharge in 
second-feet as abscissas and gauge heights in feet as ordinates. 
This enables one to draw a station rating curve, from which the 
discharge corresponding to a given gauge height can be taken off. 
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Fig. 126 shows such a station rating curve, which is usually para- 
bolic in its lower portion and a tangent in the upper part. 

Using the daily records of gauge heights and the station rating 
curve (or a rating table constructed from it) the discharge may be 
obtained for any desired period of time. 

326. Streams with Shifting Beds. — Where a river bed changes 
rapidly in condition, owing to the unstable character of materials 
comprising it, or owing to frequent floods, the use of the velocity 
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method of estimating flow requires frequent discharge measure- 
ments. If changes are frequent, gaugings may have to be 
made every few days. Where changes are slower, and perhaps 
only during floods, satisfactory results may be obtained with a 
smaller number of current meter measurements. Under such con- 
ditions evidently the station rating curve will be continually chang- 
ing in form. The weir method of estimate, where feasible, is 
much preferable on such streams. 

327. Estimates of Flow in Winter. — Continuous measure- 
ments of flow through the winter months, where cold weather 
prevails, are frequently impossible. Probably the most satis- 
factory method for obtaining winter records of flow is to use a dam 
or weir, taking care to keep the ice cut away from the crest. 

Where most of the flow during winter is through wheels it can 
be estimated as previously noted. Under conditions of con- 
tinuous ice cover and freedom from anchor and needle ice, the 
velocity method, using current meter and gauge, is applicable, 
although a different rating curve, based upon measurements of 
flow under ice cover, must be developed for winter discharge. 

328. Comparative Value of Weir method and Velocity 
Method in Measuring and Estimating Flow. — A standard 
weir furnishes the most accurate method of measuring the flow 
of small streams. The expense of such a weir, however, increases 
very rapidly as the width of stream increases, and in most cases 
prohibits its use on streams of greater than 10 or 15 square miles 
drainage area. Of course this does not apply to existing dams, 
which, if suited for measuring flow, can be utiHzed on any 
stream. 

Above the limit of the economical use of weirs the velocity 
method, using current meters, is generally the best. In fact, on 
small streams the current meter can frequently be used to advan- 
tage where the expense of a weir is prohibitive. 

329. USE OF MEASUREMENTS AND ESTIMATES OF FLOW. — 
Single measurements of flow of rivers are not, as a rule, of value 
in determining the regimen of flow, unless at extreme stages, such 
as very high water or extreme drought. It is these extremes of 
stage that especially affect the design and operation of water 
power plants and use of water. Detached measurements may 
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be needed, however, for such purposes as determining leakage 
through a dam, division of water between different users, eflSciency 
of water wheels, etc. 

Estimates of flow of rivers, to be of conclusive value in estimat- 
ing water power and water supply, must be carried over several 
years and embrace as widely varying conditions of flow as possible. 
The stream flow records of the U. S. Geological Survey will in 
many cases provide estimates of flow extending over several 
years' time at one or more points in the drainage area in question. 
Usually it will be desirable to carry on measurements of flow and 
gauge readings for a few months or more at the point considered, 
so as to ascertain the relative yield in second-feet per square mile 
at this point and at the localities where longer time records are 
available. Then advantage can be taken of the longer time 
records to estimate the probable yield at the point in question 
during this same period of years. 
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CHAPTER X. 

MAP PROJECTIONS. 

330. Map Projections.* — A map is a representation of any 
portion of the surface of the earth, on a plane surface, for the 
purpose of showing on a convenient scale the relative positions 
of points and natural features on the earth. Any map showing 
topographic details is essentially a sketch, and its accuracy is 
controlled by certain points whose positions have been accurately 
determined. The greater the number of such points the greater 
is the accuracy of the sketch as a whole. Since on a survey 
extending over a large area the positions of the points of control 
are usually defined by means of spherical coordinates (latitude 
and longitude) it is customary to show meridians and parallels 
on the map and to plot the positions of these controlling points 
from their latitudes and longitudes, the rest of the map being 
filled in with reference to these controlling points. 

Any representation of a portion of a spherical surface on a 
plane is necessarily distorted, the amount of the distortion depend- 
ing upon the area mapped. One of the first problems in map 
making, then, is to find some mode of projection which will make 
it possible to show a portion of the earth's surface on a plane with 
the minimum amount of distortion. 

Various forms of projection have been devised, each one suited 
to some special purpose. Some of these projections are purely 
geometric, while others are arbitrary. On very small areas the 
distortion is small and the different kinds of projection give 

* For a discussion of the relative accuracy of the different projections and 
historical notes see the Coast Survey Report for 1880, Appendix 15, p. 287. 
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nearly the same results, but for very large areas, such as that of a 
continent or a hemisphere, the different projections pve widely 
different results. 

These map projections may be divided into two general classes: 
first, those which are true projections or perspectives; and second, 
those which are constructed by developing a cone or a cylinder 
on a plane surface. Many different kinds of projection have 
been devised, but the most common systems are enumerated 
below. 

The chief projections of the first class are 

1. Orthographic. 

2. Stereographic. 

3. Gnomonic. 

Of the second class the following may be mentioned. 

1. Rectangular. 

2. Mercator*s. 

3. Simple Conic. 

4. Bonne's. 

5. Poly conic. 

331. Orthographic Projection. — In orthographic projection 
the eye is supposed to be looking along a line which is perpen- 
dicular to the plane of the map. This is the ordinary system of 
projection used in architectural and engineering drawings, where 
objects are shown in plan, and front and side elevations. In 
map making this method is used chiefly in representing hemi- 
spheres. This projection shows the map greatly contracted near 
the edges, as will be seen by an examination of Fig. 127. Such 
a projection could be used to show the details of those regions 
only which are near the middle of the map. 

332. Stereographic Projection. — In stereographic projection 
the eye is assumed to be on the surface of the sphere at the pole 
of a great circle, whose plane is the plane of projection, and in the 
opposite hemisphere from that which is to be mapped. The 
points on the hemisphere to be mapped are projected on this 
plane by straight lines drawn from these points to the position of 
the eye. This projection is used to represent a hemisphere where 



ORTHOGRAPHIC AND STEREOGRAPHIC PROJECTIONS 347 




ao (10 '^ 



Fig. 127. Orthck;raphic Projection on the Plane 
OF THE Equator. 
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Fig. 128. Stereographic Projection on ths Plane 
of the Equator. 
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it is desired to show details near the edge of the map, since the 
area near the edge is greatly expanded as compared with the 
central portion, as will be seen by comparing the length of lo 
degrees of latitude near the equator (Fig. 128) with 10 degrees 
near the pole. 

333. Gnomonic Projection. — In the gnomonic projection the 
area to be mapped is projected on a plane tangent to the sphere, 
and the eye is supposed to be at the center of the sphere. The 
characteristic of this projection is that all great circles appear on 
the map as straight lines, since great circles are projected on the 
map by planes passing through the position of the eye. This 
projection is much used in constructing charts for "great circle 
sailing," the shortest route * between points on the globe being 
shown as a straight line. 

The simplest chart to construct on this projection is the " polar 
chart," in which the plane of projection is tangent to the earth at 
the pole. All parallels of latitude then appear on the chart as 
circles, whose centers are at the pole. The radius of any circle 
is equal to R cot L where R is the radius of the sphere, and L is 
the latitude of the parallel. The length of a degree of latitude 
becomes greater as the latitude itself decreases, this spacing 
increasing so rapidly toward the equator that the polar chart 
cannot be conveniently extended to the tropics. The meridians 
all appear on the chart as straight lines radiating from the pole. 
In using this chart to obtain the position of a great circle it is only 
necessary to draw a straight line between the two points in ques- 
tion and this will be the great circle desired. The vertex^ or point 
where the track comes nearest the pole, may be determined at 
once from the chart. The latitudes and longitudes of any points, 
and the bearing of any portion of the line, may be taken directly 
from this chart. Fig. 129 shows a chart constructed on a plane 
tangent to the equator in longitude 80 degrees west. The 
parallels on this chart are not circular curves as in the polar chart. 
It will be seen that the meridians are necessarily straight on all 
charts constructed by the gnomonic projection. 

* On the assumption that the earth is a sphere the great drde is the shortest 
route between two points. 
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334. Rectangular Projection. — Rectangular projection con- 
sists in drawing meridians and parallels on the area to be repre- 
sented, both being shown as straight lines and uniformly spaced. 
A vertical line near the middle of the map is chosen as a central 
meridian and this line is subdivided into parts which are pro- 
portional to the lengths of the degrees of latitude on the earth's 
surface (see Table XIV, p. 410). Lines are drawn through these 
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Fig. 129. Gnomonic Projection on Plane Tangent at the Equator. 

points at right angles to the central meridian, and the degrees of 
longitude are laid off on these lines. The relative length of a 
degree of latitude and a degree of longitude is taken as that 
corresponding to the latitude of the middle of the map, i.e., the 
length of a degree of longitude in any part of the map equals 
the length of a degree of latitude multiplied by the cosine of the 
middle latitude of the area mapped. Such a projection is 
expanded at the top, i.e., at the north in the northern hemisphere, 
and contracted at the bottom. The relation between the degrees 
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of latitude and longitude on the rectangular projection will be 
found so close, however, to that which exists on the sphere that 
this projection is often suflBciently accurate for making a pro- 
jection on a small area, such as that covered by a plane-table 
sheet. (See Fig. 130.) 
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Fig. 130. Rectanoular Projection. 



335. Projection with Converging Meridians. — A modification 
of the rectangular projection consists in selecting two parallels, 
one near the top and one near the bottom of the map, and sub- 
dividing these into degrees of longitude corresponding to the 
latitudes of these two parallels. A degree of longitude on one 
of these parallels equals a degree of latitude times the cosine of 
the latitude of that parallel. These corresponding points of 
subdivision are then joined by straight lines representing the 
meridians. These meridians all converge at approximately the 
true angle on the sphere. Only two of the parallels, however, 
are graduated exactly in the right proportion. The parallels of 
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latitude are all shown as straight lines. (See Fig. 131.) This 
projection is suitable for plane-table sheets covering ordinary 
areas. 
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Fig. 131. Projection with Converging Meridians. 

336. The Mercator Projection. — The Mercator projection 
(Fig. 132) is a modification of the simple cylindrical projection. 
The latter is constructed by projecting the meridians and parallels 
onto the surface of a cyUnder which is tangent to the earth at the 
equator, and then developing this cylinder on the map. The 
meridians and parallels all appear as straight lines; the meridians 
are equally spaced, while the distances between the parallels 
increase toward the poles. In the Mercator chart, which is 
much used in navigation, the parallels are so spaced that the 
ratio of the length of a degree of latitude to that of a degree of 
longitude in any part of the map is the same as the ratio existing 
at the corresponding point on the sphere. Hence the bearing of 
one point from another as shown by this chart is that course 
which a vessel would have to steer continuously in order to sail 
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from one point to the other. A straight line on the chart cuts all 
of the meridians at the same angle. This path on the earth's 
surface which corresponds to a straight line on the Mercator 
chart is a curve known as the loxodrome. The distance between 
any two points on the earth is not correctly shown by this chart, 
and to obtain the true distance between them these two points 




Htf' \^f rad" ar *cf 4<r 

Fig. 132. Mercator's Projection. 



must be transferred to some other kind of chart (such as the 
polyconic chart) and the distance scaled, or else the distance 
must be calculated by the proper formulas. On account of the 
varying length of the degrees of latitude all areas near the pole 
are greatly expanded, while those at the equator are not distorted. 
337. Conic Projection. — In the simple conic projection a 
cone is conceived to be tangent to the middle parallel of the map, 
the apex of the cone being therefore in the earth's axis produced. 
This cone is developed on the plane of the map as follows. A 
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vertical line is chosen as the central meridian of the map and a 
point on this line is chosen as the middle latitude. The radius 
of this middle parallel of latitude is then laid oflF on the side 
toward the pole, giving the position of the apex of the cone on the 
central meridian, which is the center of a series of circles repre- 
senting the parallels of latitude. This radius equals N cot L, 
where N is the normal * and L is the latitude of this parallel. A 
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Fig. 133. Simple Conic Projection. 
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circle is then drawn representing the middle parallel of latitude. 
Beginning at the middle parallel, distances are laid oflf on the 
central meridian which are proportional to the degrees of latitude 
on the earth's surface. The middle parallel itself is also sub- 
divided into degrees of longitude which are proportional to the 
degrees of longitude on the earth's surface for this particular 
latitude. The meridians are all shown as straight lines drawn 

* The normal is the distance from the parallel of latitude to the axis of the 
spheroid, measured along a vertical line. If the earth may be considered as a 
sphere, then the radius of the circle representing the parallel is R cot L, where R 
is the radius of the sphere. 
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from the apex of the cone to the points laid oflF on the middle 
parallel. The remaining parallels of latitude are circles through 
the points laid oflF on the central meridian, the center in each case 
being the apex of the cone. The parallels and meridians will 
therefore intersect at right angles in all parts of the map. The 
length of the degree, however, on all parallels except the middle 
one, is evidently slightly in error. (See Fig. 133.) The distor- 
tion in this projection is so slight that it becomes appreciable 
only on very large areas. 

A modification of this projection which is sometimes used 
consists in assuming a cone whose surface intersects that of the 
sphere near the middle portion of the map. This will be found 
to produce slightly less distortion than where the tangent cone is 
used. 




Fig. 134. Bonne's Projection. 



338. Bonne's Projection. — Bonne's projection (Fig. 134) is 
a modification of the simple conic projection. Each of the con- 
centric parallels of latitude is divided into degrees of longitude 
proportional to those on the sphere. The parallels are shown 
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as circles, the radius being equal to R cot L (when the earth is 
regarded as a sphere) as in the conic projection. Hence the 
central meridian and every parallel of latitude is divided as on 
the sphere. The distortion is but slight and distances on the 
map can be scaled quite accurately. This projection is chiefly 
used in France. 

339. Polyconic Projection. — In the polyconic projection the 
surface is developed on a series of cones, a different cone being 
used for each parallel of latitude. Each parallel, then, is devel- 
oped independently on a cone whose apex is somewhere in the 
prolongation of the earth's axis. In this form of projection the 
degrees of latitude are laid off their true lengths on the central 
meridian, but it will be seen later that they are slightly too large 
near the east and west edges of the map, because the circles 
representing the parallels are not concentric as in the conic and 
in Bonne's projection. The 
angles of intersection of the me- 
ridians and parallels are always 
nearly true right angles. In fact, 
on a map of an area as large 
as that of the United States the 
unaided eye cannot easily detect 
the errors in these angles. An 
investigation of the errors in this 
projection shows that there is 
very little distortion and that dis- 
tances can be scaled accurately 
enough to satisfy all of the re- 
quirements of a map. The poly- 
conic projection was first used by 
the U. S. Coast and Geodetic 
Survey and has been adopted 
by nearly all of the Government 
surveys for certain kinds of 

"^^PS- Fig. 136. 

In each of the cones used in 

this projection the angle between the axis of the cone and an 

element will be seen from Fig. 135 to equal the latitude L of the 
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parallel in question. The side of the tangent cone, TAy is found 
by the equation 

TA = .V cot L 

where N is the length of the normal and L is the latitude. In a 
sphere N would of course equal the radius AO. TA is the radius 
of the circle representing the developed parallel. If is the 
angle at T between two points AB on the parallel and the diflFer- 
ence in longitude of A and B is dM then 

e = dM sin L 

(see Vol. I, p. 154, and Art. 52, p. 50, of this volume). 
Since the radius of curvature of the meridians is long it is not 
^ convenient to construct these 

circles by compass; they are 
therefore usually constructed by 
plotting the intersections of the 
meridians and parallels by means 
of their rectangular coordinates. 
In Fig. 136 A represents the 
intersection of a meridian and a 
parallel. In order to compute 
Fig. 136. the coordinates we have 




X = TA sin e 
= N cot L sin 
= iV cot Z sin (dM sin L) 



[59] 



and 



y =- TA vers 



X vers 



= X tan id 



sin 6 
= AT tan § (dM sin L) [60] 

Tables have been computed from formulas [59] and [60] giving 
the coordinates in meters for different latitudes and for diflferent 
distances east or west from the central meridian of the map. 
Tables XVI and XVII, pp. 412 and 414, giWng these coordi- 
nates for a limited area, are extracted from a larger table in the 
Coast Survey Report for 1884, Appendix No. 6, p. 135. 
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In laying out a map by the polyconic projection a central 
meridian is first drawn and the true distances between the 
parallels laid off (see Tables XIV and XV, pp. 410 and 411). 
Lines are then drawn at right angles to this central meridian 
through the points laid off. The abscissas of the intersections 
of meridians and parallels desired are then laid off on these per- 
pendiculars and the ordinates are measured off at right angles on 
the side toward the pole. (See Fig. 137.) After these points of 
intersection have all been determined smooth curves are drawn 
through them representing meridians and parallels. Since the 
parallels are true circles on the map it will sometimes be con- 
venient to draw these circles by means of railroad curves of 
proper radii. 

The interval between consecutive meridians and parallels 
should be small enough so that the inclosed areas are practically 
rectangular. This not only facilitates the plotting of triangulation 
points but insures the accuracy of the map. In finishing the map 
it may be found convenient to omit some of the lines used in the 
plotting, in order that the details may not be confused by so large 
a number of lines passing through them. The interval should 
be the same in all parts of the map, i.e., if a 5-minute interval 
is adopted every 5-minute parallel and every 5-minute meridian 
should be shown. Portions of these lines may be omitted, if 
necessary, in order to avoid confusion at certain points, or to 
avoid drawing a line through a title or a note. In some maps 
only the intersections of meridians and parallels are preserved by 
means of very short lines which do not interfere with the detail 
shown on the map, and from which the original lines can be 
reproduced at any time. 

In constructing a polyconic projection for small areas, such as 
for plane-table sheets, the meridians and parallels will be found 
almost straight, so that in many cases the rectangular projection 
or that described in Art. 335 can be substituted. The plane- 
table sheet shown in Fig. 68, p. 220, is a reproduction of a sheet 
which was originally drawn on a scale of tttoV^f; an examination 
of the tables used for plotting the polyconic projection will show 
that on this scale (rTriiFii') the projection which falls within the 
limits of a plane-table sheet is practically rectangular. 



CHAPTER XI. 

FLOTTINQ AND FINISHINa TOFOQRAPHIC AND 
HTDROQRAFHIC B1AF8. 

340. In this chapter the common methods of construct- 
ing and finishing topographic and hydrographic maps are 
briefly considered. The process may be divided into three 
parts. 

1. The laying out of the projection, to show the position of 
the map on the earth's surface and to control the accuracy of 
the plotting. 

2. The plotting, which includes the plotting of the points of 
control and the topographic points, and the sketching in pencil 
of all the details. 

3. The inking of all lines, the tinting, and the lettering. 

The various methods of constructing projections have beeh 
considered in Chapter X. 

341. PLOTTING THE TrIAWGULATION. — The triangulation 
points are plotted on the map by measurements from the meridians 
and parallels which have been laid out by one of the methods 
described in Chapter X. The linear distance of each triangu- 
lation station from the nearest meridian and from the nearest 
parallel is first computed and these two distances are laid out in 
the same way as when plotting a traverse point by the method 
of rectangular coordinates. For example, if a triangulation 
station has a latitude of 42® 12' 43''. 94 and a longitude of 71° 06' 
52''.64 and the meridians and parallels have been drawn on the 
map for every minute of latitude and longitude, it would only 
be necessary to compute the number of feet or meters in the 
seconds of the latitude and longitude and to plot the point by 
means of these distances. The distance of any point from the 
meridian and from the parallel may be found by means of tables 
given in Appendix No. 6 of the Coast Survey Report for 1884. 
In these tables are given the lengths of arcs of the meridian and 
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of the parallel, expressed in meters, for different latitudes. In 
these tables it will be found that for latitude 42^ 13', 

43^94 of latitude = 1355.7 meters 
and 52^.64 of longitude = 1207.4 meters 



42*l3'N.Lat. 
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Fig. 138. Plotting a Triangulation Point. 



The necessary measurements for plotting the triangulation point 
are indicated in Fig. 138. If desired the distances in meters 
for i6''.o6 and 07^^.36 could have been found and the point 
plotted from the nearer meridian and parallel. The positions 
of these stations on the map are then checked by scaling the 
lengths of the triangle sides. The interval between consecutive 
meridians and parallels should be such that the figure enclosed 
can safely be treated as a rectangle when plotting the triangula- 
tion points. 
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342. Rectangular Coordinates.— In city surveys or other 
surveys of limited extent where all points are to be referred to a 
pair of rectangular coordinate axes instead of to the actual 
meridians and parallels some meridian near the middle of the 
area to be mapped is chosen as the axis of F, and all directions 
are referred to this primary meridian. All of the other so-called 
"meridians" are not true north lines but are parallel to this 
primary meridian line. As the axis of Z is a straight line through 
the initial point perpendicular to the axis Y it is evident that 
neither the axis of X nor any of the lines parallel to it is a true 
east and west line. The positions of the triangulation points 
are plotted by means of their known distances from the two 
axes, just as the triangulation points of larger surveys are plotted 
by their distances from the actual meridians and parallels. 

343. Plotting details on the map. — All points on the map, 
whether instrument stations or minor details, should be plotted 
with reference to the triangulation points, which are already on 
the map, in order that the accuracy of the map as a whole may be 
properly controlled. All of the triangulation stations should 
therefore be plotted before proceeding to plot any of the details. 
When traverses have been run they may, if desired, be plotted 
on the final map directly from the field notes or by means of 
coordinates. In laying out these traverses they should begin 
at one of the triangulation points even though the fieldwork 
did not start at any triangulation point, and the plotting of all 
traverses should be checked by closing on a triangulation point, 
or, in case the traverse does not close on a triangulation point, 
by calculating the coordinates of the end point. If the accuracy 
of a traverse is checked by closing on a plotted triangulation 
point this also checks the fieldwork, whereas checking by calcu- 
lated coordinates checks only the plotting. If traverses have been 
run by means of deflection angles, as is often the case, it wiU be ad- 
visable to calculate the azimuths by means of these deflection angles 
for the purpose of plotting. The points on the traverse may be laid 
out from calculated coordinates if the traverse has already been 
calculated and adjusted to the triangulation (see Art. 55, p. 56). 
The details may be filled in by means of a protractor and scale. 
None of the details should be plotted, however, until the traverse 



362 TOPOGRAPHIC AND HYDROGRAPHIC MAPS [Chap. XI. 

has been found to check. For methods of plotting a transit and 
tape survey see Vol. I, Chapter XV; for methods of plotting 
stadia traverses see Art. 165, p. 180 of this volume. 

The transit points may be plotted directly from the notes by 
the usual methods, and if the position of any triangulation 
point (with which the traverse is connected) as located by the 
plotting of the traverse fails to coincide with the established 
position of the triangulation station, this error must be distrib- 
uted through the traverse by shifting the transit points on the 
map in such a way as to make the traverse close and to alter the 
lengths and azimuths of the lines as little as possible; the position 
of a triangulation point should never be changed simply because 
a traverse fails to check its location. If the error of closure, 
however, is so large as to indicate a mistake in the work rather 
than an accumulated error, the mistake should be discovered and 
corrected before proceeding. If there are several transit stations 
close together on the map and there are only a few shots from 
each station it will be convenient to plot these azimuths by 
orienting the protractor on the nearest meridian shown on the 
map, plotting these azimuths at that point, and then transferring 
them to the proper station by means of a parallel ruler or by 
triangles. Where a large number of side shots have been taken 
at any station they can best be plotted by methods explained in 
Art. 165, p. 180. 

344. Transferring Plahe-Tablb SHEETS OR OTHER Maps 

TO THE Large Map. — It is frequently necessary to assemble 
several small maps or field sheets on one large map. In this case 
the triangulation is first plotted on the large sheet; the details may 
then be transferred by means of the pantograph (Vol. I, Art. 423, 
P- 385) or by a sj^tem of squares which are drawn in pencil 
on each map to the proper scale. Since the squares may be 
drawn as small as desired the latter method may be made quite 
accurate. If it is desired to avoid marking the original plan 
squares may be drawn on tracing paper and laid over the original 
map when the dra\s'ing is transferred. WTiere a large area is 
to be covered the pantograph method will probably be the more 
rapid of the two. If only a small area is to be transferred so 
much time will be required to set up and adjust the pantograph 
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that the method of transferring by squares may be preferable. 
In using either method the plotted positions of the triangulation 
points should be taken as reference points. If the pantograph 
is used it should be so adjusted that when the tracing point moves 
from one triangulation station to another on the original sheet 
the pencil point will move between the corresponding plotted 
points on the map. 

345. FINISHIHG PLANE-Tablb SHEETS. — Plane-table sheets, 
whether they are to be used for photographic reproduction, for 
making tracings, or for transferring to large maps, should be 
finished in ink to preserve the original sheet. If they are to be 
used for photographic reproduction they should be finished in 
black or some other color which will photograph clearly; blue 
should not be used for such work, as it will not photograph. If 
the original sheets are to be used as the finished map the con- 
ventional colors for contours and for water should be used. 
Practice diflfers as to some of the details of finishing maps, but 
the standards set by the Government surveys are chiefly followed 
where they are applicable. 

When the plane-table sheets are to be used as a basis for one 
of the photographic processes of reproduction the map should 
be finished in every respect so as to give the appearance required 
in the printed copy. If, however, an engraving is to be made 
the appearance of the plane-table sheet is of secondary impor- 
tance, since the neatness of the final copy will depend upon the 
work of the engraver; but so far as accuracy is concerned it 
should be remembered that he follows exactly the lines on the 
plane-table sheet. 

The meridians and parallels should be numbered with the 
degrees and minutes of latitude and longitude. The positions 
of triangulation points should be preserved by means of a dot 
with a red triangle around it. Points whose positions were 
determined graphically during the plane-table work, such as 
cupolas, flag-poles, etc., may be indicated by a small red circle. 

Lines should be sharp and clear in order to preserve the accu- 
racy; in all cases the original lines should be closely followed. 
Roads should be inked in with parallel lines unless the width 
obviously varies. The conventional signs for stone walls, fences. 
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indefinite lines, etc. are to be used if the scale is large enough 
to permit it. Houses should have a clear outline, with sharp 
comers; the conventional signs for vegetation should be used if 
the scale warrants such details. 
346. FINISHING Topographic Maps. — The method of 

finishing the map will depend upon whether the original map is 
to be used as the final product or for making duplicates by 
means of photographic reproduction. 

If the map is to be used for engineering purposes it should be 
finished with regard to preser\ing the accuracy of the surveys 
and the positions of the instrument points rather than to its 
general appearance. The lettering should not be ornamental 
and should be used in place of conventional signs except where 
the latter are clearer. Meridians and parallels, or coordinate 
lines, should be carefully preserved as a check on the change in 
scale due to shrinkage of the paper. If the map is for general 
(public) use it will need to be somewhat more ornamental than 
when it is to be used simply for engineering studies, and especial 
attention should be paid to making clear everything of a techni- 
cal character which would not be readily understood by one who 
is unfamiliar with maps. 

It is common practice to make the field sheets on a larger 
scale than that intended for the published map; in many cases 
the field sheets are made twice the size of the final map. The 
weight of lines and size of letters used on the office map will be 
governed by the amount of the intended reduction. It requires 
considerable experience to properly prepare a map for reduc- 
tion, partly because the appearance of such a map is so different 
from that of the final map to which the draftsman is accustomed. 
The only way for the beginner to accomplish good results in 
this work is to first determine what the sizes of the lines and 
letters are to be on the final map and then to lay out the lines 
and letters exactly twice, three times, etc. larger so that they 
will reduce to the proper size when photographed down. Such 
a drawing will not look like ordinary drawings; the lines and 
letters will appear bold and the letters spaced too far apart and 
too far from the lines to which they refer. After a Httle practice 
the draftsman will acquire the ability to judge the appearance 
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of the final plan from that of the orginal. The tendency of begin- 
ners in making drawings for reduction is to crowd the letters, to 
make them too small, and to place them too close to the lines. 

A topographic map should be finished in such a manner that 
it will convey the desired information and can be readily inter- 
preted. Although the extensive use of different colors on maps 
is not to be recommended it is sometimes necessary, in order to 
distinguish readily between land and water surfaces, to use at 
least one color beside black. In some cases water surfaces 
are shown in blue and in other cases the land is shown by a fiat 
tint of yellow. When a tint is used on any map it should be a 
thin wash, so that there will be just enough color to show the 
desired distinction; deep colors are too conspicuous and injure 
the appearance of the map. As instances of the use of tints 
on maps the following may be mentioned. Some of the maps 
prepared by the U. S. Lake Survey show the land as a fiat tint 
of yellow and the water as a bluish-green tint, different shades 
being used to represent different depths; the deepest shade repre- 
sents the shoalest water and very deep water is indicated by 
white. On some of the maps of the U. S. Army Engineer Corps 
only one color is used; the water is shown in different shades of 
blue, the shoal water being shown by dark blue and deepest 
water by white. On the latter maps there is often so much 
detail shown on the. land that it is all represented in black, 
because a tint in this case would be of no advantage in conveying 
information. 

347. Scales. — A scale should always be shown on a map, 
both for convenience in scaling distances and for detecting 
errors due to changes in the dimensions of the paper. If, as 
it is assumed, the paper expands or contracts in exactly the 
same proportion in all its parts and in all directions, and if a 
scale is drawn on the map when the plotting is begun, this scale 
will always give correct distances. Since, however, maps of 
large size seldom do change so uniformly a complete elimination 
of such errors can only be effected by observing the changes in 
the spacing between consecutive meridians or parallels, or between 
lines of a rectangular coSrdinate system, and by making due 
allowance for these changes when scaling distances. 
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For convenience the scale is often shown on a map in different 
units of measurement, e.g., on many of the charts issued by the 
Government scales are shown giving distances in statute miles 
and in kilometers, and in some cases in nautical miles. Not 
infrequently two scales are given on the same map, one showing 
miles, half-miles, quarter-miles, etc., and the other showing 
distances in feet. 

The most common form of scale consists of two parallel hori- 
zontal lines, drawn close together, with vertical lines of subdivi- 
sion drawn between them, and spaced so as to give the desired 
units, the alternate spaces being inked in black. These spaces 
represent some large unit (such as a mile, a kilometer, or a 
thousand feet), except the one at the extreme left end, which is 
subdivided into tenths of a unit or other convenient fraction; 
these small spaces are also shown in alternate black and white 
like the main divisions of the scale. The vertical lines of sub- 
division are numbered for convenience in taking distances off 
the scale. A convenient arrangement of the scale is to mark 
the zero point at the right end of this subdivided space so that 
all spaces to the right of zero are long and those to the left are 
short spaces. In taking a distance from the scale with a pair 
of dividers, for instance, one point of the dividers is placed at 
the vertical line of the scale marked with the desired number of 
miles, feet, or other unit; keeping the right-hand point of the 
dividers in this position the left-hand point may be set at the 
division giving the desired decimal or other fraction. In this 
form of scale it is necessary to estimate the fractional parts of the 
smallest space. 

It is customary to state the scale of the map even if this is also 
shown by the scales just described. This may be done by giv- 
ing the number of feet or miles to one inch, or it may be stated 
as a fraction whose numerator is imity, for example Tvivif 
(i,ooo feet to one inch). This method has the advantage that 
distances can be taken from the map in any desired unit of 
measurement without reference to the particular unit which was 
used in constructing the map, so that a person who is accus- 
tomed for example to the metric system only could take off 
distances in meters, with a metric scale, from a map which has « 
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been made with a foot scale. It is desirable that the scale adopted 
should be one that gives a simple fraction such as ttAjij, TTjiijiF, 
yxyiuo, rather than such numbers as viiF, tAtt, tfVtj, which 
correspond to 80 feet, 150 feet, and 400 feet to one inch respec- 
tively. Such scales as jiAyiy, xTFiiyTyj etc. are especially con- 
venient when using a metric scale, because the metric scale has 
a decimal subdivision. The arbitrary selection of a scale, how- 
ever, is not always practicable, and in many cases this matter of 
choosing a simple scale would be of minor importance. 

348. Diagonal Scale. — If a scale is desired in which it is 
unnecessary to estimate the fractional part of the small spaces, 
so that no uncertainty shall be introduced from this source, a 
diagonal scale maybe constructed. Such a scale might be required 
in laying out a map projection, which of course must be done 
with great accuracy. The diagonal scale is constructed by 
drawing a series of equidistant horizontal lines and subdividing 
them by vertical lines as described above for the ordinary scale, 
except as regards the subdivision at the left-hand end of the 
scale, from which the fractional distances are obtained. (See 
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Fig. 139. Diagonal Scale. 



Fig. 139.) The number of horizontal lines must be one greater 
than the number of subdivisions of the smallest space shown, 
i.e., if a decimal subdivision is to be used eleven lines will be 
required. The large space on the left of the zero point is sub- 
divided on the upper and lower lines into the required number 
of spaces, in this case ten. Diagonal lines are then drawn, 
each point on the upper line being joined to the point imme- 
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diately to the left of it on the lower line, so that each of these 
lines is the diagonal of a rectangle whose sides are respectively 
the distance between the upper and lower lines and one of 
these small spaces on the upper (or lower) line. In the diagonal 
scale shown in Fig. 139 the large sp)aces are hundreds, the small 
divisions tens, and units can be obtained by means of the diag- 
onal, since this diagonal line divides the space into proportional 
parts. Each of these diagonal lines moves one unit farther 
from the zero line in descending from one horizontal line to the 
next. To obtain a distance by means of this scale first take 
ofiF the distance on the top line with a pair of dividers, taking 
the hundreds on the right of zero and the tens on the left; then 
move the dividers down to the horizontal line numbered in a 
column at the left end of the scale with the last figure (units) 
and open out the dividers until the left-hand point is on the 
next diagonal line to the left, the right-hand point being on 
the same vertical line as before. For example, 276 would be 
obtained by spacing ofiF the distance ab, Fig. 139. 

It is evident that this scale must be constructed with extreme 
care in order to give results of greater accuracy than those 
obtained by the ordinary scale, for the errors of estimating 
fractional parts of a division are not large. 

349. Conventional Signs for Topographic Maps.''' — Topo- 
graphic conventional signs are used to represent the form of the 
surface and such physical features as roads, buildings, culti- 
vated fields, forest growth, rivers, etc. The conventional signs 
which have come into general use are those which have been 
adopted and extensively used by the Government surveys. For 
the most part such symbols have been devised as will suggest 
by their shape the plan of the objects represented and at the 
same time be readily recognized and easily drawn. 

The kinds of conventional signs used on any map have an 
intimate relation to the purpose for which the map is made. 
European maps, for example, have been made chiefly for mili- 
tary purposes, and the topographic features which are impor- 

* For a complete description of the conventiona] signs used on topographic maps 
see "Topographical Drawing and Sketching" by Lieut. Henzy A. Reed, published 
by John Wiley ft Sons. 
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tant in military operations are prominently represented on these 
maps. In Switzerland, on the other hand, many of the maps 
have been prepared for the benefit of tourists, and such features 
as roads and footpaths are given in great detail. In the United 
States the Geological Sur\'ey maps have been prepared pri- 
marily as a basis for a geological study of the country, while the 
Coast Survey maps are chiefly for the benefit of navigators. 
The character of the conventional signs used on these maps 
consequently varies according to the purposes for which the 
maps were made. 

For convenience these topographic signs may be divided into 
three general classes: those adapted to sm^ll-scale maps, those 
for maps of intermediate scale (yiArir to TTFixrir), and those for 
large-scale maps such as landscape architects' plans. ' On 
small-scale maps the conventional signs necessarily represent 
the object much larger than it would be if drawn to scale, 
whereas on large-scale maps the object may in many cases be 
drawn to the actual scale of the map. 

350. Conventional Signs for Small and Intermediate-Scale 
Maps. — The conventional signs which are used by the Coast 
Survey are well adapted to small-scale maps. The conven- 
tional signs for maps of intermediate scale vary but little from 
those used on small-scale maps except as to size. On very 
small scales, however, such as those published by the U. S. 
Geological Survey, it is impracticable to represent vegetation 
except by a flat tint. In Figs. 157 to 159 will be found specimen 
maps of the U. S. Coast and Geodetic Survey, the U. S. Geo- 
logical Survey, and a portion of a plane-table survey which was 
made on a scale of ftjVit. 

Most of these topographic signs are executed free hand and 
require not a little skill to obtain good results. The appearance 
of a map depends largely upon the execution of the topographic 
signs. To learn to draw these symbols accurately and with 
skill requires a careful study of the details of making each 
kind of sign, some of the more important of which will be 
described. 

351. Grass. — The symbol for grass land, or cleared land, 
is intended to imitate the appearance of tufts of grass. (See 
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Fig. 140. Grass. 



Fig. 140.) These tufts are always made with their bases par- 
allel to the bottom of the map and are distributed over the area 
in such a way as not to form rows or to have the appearance of 

regularity in size, and yet so as to 
have the appearance of uniformity 
when Niewed as a whole. To ac- 
complish this result it will be well 
to draw a few isolated signs in 
different parts of the area to be 
covered and then to fill in between 
these with additional tufts, so that 
the symbols will be evenly distrib- 
uted over the area. To indicate 
that it is not cultivated growth it 
is well to fill in some of the larger 
spaces with a few small, incom- 
plete tufts as shown in Fig. 140. 

The individual sign is drawn as follows. It is composed of 
five to seven short lines (see Fig. 141) all apparently radiating 
from a point a little below the base of the symbol, the 
tops of these lines forming a curve. These are made .>^l/^^ 
by beginning at the left-hand side with a dot and in- Fig. 141 . 
creasing the length of the lines up to the middle one, 
which is vertical, and then diminishing the length of line and 
ending with a dot. These lines should all be made with a down 
stroke of the pen and may be slightly curved, as shown in 
Fig. 141. 

The size of the individual tufts will depend upon the scale of 
the map; a common fault of beginners is to make the symbol 
too large. It is a mistake to cover large areas with this symbol 
for grass because it has a tendency to make the area appear 
level on account of the general parallelism of the individual 
symbols, so that in some cases the relief indicated by the con- 
tours may be hidden. For this reason some draftsmen prefer 
to use the grass symbol only to represent flat cleared land, such 
as meadows, and where a large hilly area is to be shown as grass 
to represent this by a flat, light-green tint and to letter the word 
"grass" on the area. 
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352. Salt and Fresh Marshes. — A salt marsh is repre- 
sented by fine horizontal lines equally spaced and ruled parallel 
to the bottom of the map, with occasional grass signs on the 





Fig. 142. Salt Marsh. 



Fig. 143. Fresh Marsh. 



-^y/^n^fe 



horizontal lines. (See Fig. 142.) The lines arc commonly 
placed about ^V inch apart for small or intermediate scale maps. 
For a fresh marsh, or swamp, the horizontal lines are short and 
somewhat heavier, and on many of these lines tufts of grass are 
represented. The intermediate spaces are then filled in by very 
light horizontal free-hand lines. 
(See Fig. 143.) 

353. Cultivated Land. — This 
symbol is shown by alternate rows 
of short dashes and dots repre- 
senting furrows in ploughed land. 
(See Fig. 144.) In drawing this 
symbol a straight-edge and a 
right-line pen should be used 
for the dashes, but an ordinary 
fine-pointed pen will be required 
in making the dots. It will be 
well to draw the dash lines first 
and to fill in the dotted Hnes after- 
ward. The dashes should be so drawn that the spaces between 
them will not be opposite to those in the adjacent lines on either 







Fig. 144. Cultivated Land. 
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side. The dots should be fine and close together. It is cus- 
tomary to draw the lines parallel to one of the sides of the 
area but preferably not parallel to the bottom of the map be- 
cause horizontal lines are often used in symbols for water, such 
as marsh, swamp, tidal flats, etc. The conventional sign on 
adjoining cultivated fields should not be parallel. 

354. Sand and Gravel. — Sand is represented by dots 
evenly distributed over the area and close together. In repre- 
senting a shore line a row of heavy dots closely spaced is first 

drawn. (See Fig. 145.) A row 
of lighter dots is next drawn, 
these being placed opposite the 
spaces between the dots of the 
first row. The third row is shown 
smaller, the dots being lighter 
than those of the second but the 
same spacing between the rows 
being observed. No attempt is 
made to draw more than these 
three rows in this manner, but 
light dots are distributed over the 
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Fig. 145. Sand. remaining area, the spaces being 

wider than those along the shore. 
Great care must be exercised to make the spaces equal and 
the dots round, not rough and jagged. To avoid a streaked 
appearance the dots should not be made in straight rows. Some 
draftsmen make them in fan-shaped clusters, being careful to 
change their direction frequently. 

3SS- Water-lining. — Water surfaces are indicated either by 
a flat wash of a blue tint or by water-lining. In the latter 
method a series of fine lines is drawn parallel to the shore line, 
the spaces between the lines being gradually increased as the 
distance from the shore increases. (See Fig. 146.) To exe- 
cute good water-lining the first line should be drawn at a dis- 
tance from the shore equal to about the width of the line, and 
every deviation in the shore line should be carefully followed. 
The next line should be so drawn as to be ever3rwhere at 
exactly the same distance from the preceding line, the space 
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Fig. 146. Water-lining. 



between these two lines being a little greater than the space 
between the shore and the first line. The third line will be at a 
slightly greater spacing but parallel to the 
second line throughout its length, and so 
on, the interval between the successive 
lines being gradually increased and the 
weight of the line being gradually de- 
creased. The change in spacing between 
the lines should be so gradual that no 
one place can be found where the spacing 
suddenly increases. In order that all 
the water-lining in the different bodies 
of water shown on a map may appear 
uniform it will be well to draw all of the 
water-lines which go next to the shore- 
lines throughout the map and then draw the second lines of all 
of the water-lining, and so on. In this way the intervals between 
the lines can be accurately judged and the weights of the lines 
can be kept uniform. 

On the U. S. Coast Survey maps, where it is important to 
show soundings and the character of the bottom, the water- 
lining is omitted; the high water line is usually shown as a 
full line and the low water line is indicated by the conventional 
sign for sand, ledge, etc. 

356. Trees. — In representing trees distinction is generally 
made between deciduous and evergreen by using different sym- 
bols, and a further distinction is sometimes made 
between oak and other deciduous trees. These 
distinctions originated in the requirements of 
military topography. 

The sign for the round-leaf deciduous trees, 
which applies to all except oak, is shown in de- 
tail in Fig. 147. Each stroke of the pen is num- 
bered in the order in which the strokes are made, 
and the arrow shows the direction in which the pen is moved in 
each case. It should give the effect of a plan of a tree with a 
slight shading on the lower right-hand side. These little sym- 
bols are scattered rather irregularly over the area if wild growth 




Fig. 147. 
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is to be represented. (See Fig. 148.) In all conventional signs 
wild growth is distinguished from cultivated growth by giving 

the symbol the appearance of 
irregularity as contrasted with 
the regularity of cultivation. For 
example^ trees representing an 
orchard are placed in rows and 
have a smoother and rounder 
outline than trees in a forest. 

The symbol for an evergreen 
tree is composed of 5 or 
6 short radiating lines as 1^ 
shown in Fig. 149, the lines /\ 
being of uniform width, ^ig. 149. 

These symbols should 
be drawn on the area in varjing 
sizes and with different weights of lines. (See Fig. 1 50. ) The tend- 
ency of beginners is to make these symbols in rows, and in order 






Fio. 148. Round Leaf. 
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Fig. 150. Evergreen. 



Fig. 151. Oak. 



to avoid this it is well to first make groups of trees in different 
parts of the area and then to fill the intervening spaces with 
smaller symbols drawn with a lighter stroke. It is only by 
such a systematic arrangement that the desired effect of irregu- 
larity can be obtained. 
The symbol for oak trees is illustrated in Fig. 151. Each 
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individual symbol is made without raising the pen from the 
paper. These symbols are made in clusters of five or six so as 
to form a unit about the same size as the sign for roundleaf. 
It will be noticed that the strokes made in drawing the sign are 
similar to those for the roundleaf symbol except that the 
scallops are concave outward instead of 
inward. 

Orchards are represented by rows of 
the deciduous tree symbols (roundleaf), 
the individual symbols being carefully 
spaced and the rows parallel to a side of 
the field. (See Fig. 152.) 

Other topographic signs which require 

no special explanation are shown in fig. 152. Orchard. 

Fig. 153. 
357. Conventional Signs for Large-Scale Maps. — On maps 

of large scale the conventional symbols used are often similar 
to those used for small-scale maps, but the positions of the individ- 
ual trees are located and the symbols are executed with more 
detail. These symbols are used on landscape maps which are 
arranged to produce a certain effect such as is shown in Fig. 161. 

Landscape plans made for office use only often have symbols 
which are less ornamental than the usual ones and which can 
be more rapidly made. For example, on these office maps the 
stems of the trees are sometimes represented by black dots 
with the diameter marked in inches beside them. The approxi- 
mate extent of the foliage of the trees may also be shown to scale 
by dash circles. The limits of plantings are shown by dash 
lines, and the botanical names of the shrubs are lettered on the 
area. 

If the landscape plan is finished on tracing cloth water color 
tints are not satisfactory, because the tracing cloth will not lie 
flat after it has once been wet. A fair result may be obtained 
by making the ink drawing on the glossy side of the cloth and 
putting the tint on the reverse side with colored crayons. In 
using tints great care should be taken to make them all light and 
uniform. The general appearance of the map will depend 
largely on a proper harmonizing of the colors used; the different 
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Fig. 168. Conventional Signs for Topographic Maps. 
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tints can be varied slightly so as to produce a result that is pleas- 
ing to the eye. 

Fig. 160 is a portion of a contour map on a scale of 6b feet 
to one inch, prepared for landscape architects' studies. It shows 
the contours, outlines of trees, roads, fences, and buildings.* 

358. Colored Topographic Symbols. — Flat tints of different 
colors are sometimes employed to represent different topographic 
signs. These, however, are not much used in this country except 
on maps of large scale. Unless the paper has been mounted, it 
will be necessary to stretch it before attempting to lay a tint 
over a large area. The method of applying tints is explained 
in most books on drafting. The following are the usual colors 
for such work. 

Water Flat tint of Prussian blue or indigo. 

Sand Flat tint of yellow ochre. 

Cultivated land Flat tint of burnt sienna with parallel lines of a darker 

shade of the same tint ruled across it. 

Grass Flat tint of Hooker's green, No. 2. 

Trees Flat tint of a mixture of Prussian blue and gamboge. 

Rock Flat tint of sepia. 

Roads Flat tint of yellow ochre. 

Buildings, wood Yellow. 

Buildings, brick Crimson lake. 

Contours Burnt Sienna (on ordinary plan). Crimson Lake (on 

tinted surface). 

Gamboge should never be used on tracing cloth as it spreads 
through the cloth and ruins the tracing. 

It is a common fault of beginners to apply too dark a tint. 
The shade of the wash should depend largely upon the area to 
be tinted; the smaller the area the deeper should be the tint, to 
give a proper effect. 

359. Representation of Relief. — There are two general 
systems of representing the form of the surface of the ground, 
by shading and by contour lines. The first system may consist 
of horizontal curves or of hachure lines, which are lines showing 
the direction of steepest slope. In any shading system the object 
is to show the steepness of slope and the location of summits, 
valleys, etc. in such a manner that the map may be easily read. 
In the contour system the shape of the ground is represented by 

* See Appendix A for specifications. 



378 



TOPCKiRAPHIC AND HYDROGRAPHIC MAPS [Chap. XI. 



curves of equal elevation, but in addition to showing the form 
of the surface, contours show the actual elevations of points on 
the map. If the contour interval is taken sufficiently small 
the contour system really becomes a shading system and shows 
slopes by means of the depth of color and at the same time 
does not affect the accuracy of the elevations. The shading 
system gives a result which is pleasing to the eye and easily 
interpreted, but it does not give the exact information conveyed 
by the contour system. For this reason contours are chiefly 
used in this country in making topographic maps. Hachures 
are commonly used, however, for special purposes, such as 
representing eroded banks, etc. In some maps the contour 
and hachure svstems are combined. 




Fio. 164. Hachures. 



Fig. 154 is a portion of a map in which the topography is 
shown by hachures. In drawing hachure lines, contours are 
first sketched in lightly in pencil; then the hachures are put in 
by single strokes of the pen, each line being drawn at right 
angles to the contour, the hachures being equally spaced. The 
steepness of the slope is shown by the thickness of the line, a 
heavy line indicating a steep slope. 

Contour lines are usually represented in burnt sienna or in 
black. They are drawn either with a contour pen (swivel pen) 
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or with a fine-pointed common pen like Gillott's No. 303. The 
contour lines should be very fine so that they will not obscure the 
rest of the drawing. For ease in counting the lines it is cus- 
tomary to make every fifth line heavier than the others and to 
mark the elevations of some of these contours so that the eleva- 
tion of any point may be quickly determined. Contours are 
generally shown for some whole number of feet above the datum, 
e.g., every 10 feet, every 20 feet, etc. (See Fig. 158.) 

360. HYDROGRAPHIC MAPS. — The general method of finish- 
ing a hydrographic map is similar to that used for a topographic 
map. Such maps show, in addition to the shore line, the topog- 
raphy along the shores and of the submerged portions. Just 
how much of the topography of the surrounding country will be 
required depends upon the use which is to be made of the map. 
If, for example, it is prepared for a study of a wharf project 
the location of streets and buildings in the vicinity should appear 
on the plan. A hydrographic chart for the purposes of navi- 
gation will include merely a sufficient amount of topography to 
show any landmarks which may be of use to the navigator, 
such as lighthouses, church spires, or other conspicuous objects. 
It is well to leave plotted on the finished map a number of the 
transit stations, so that the survey can be easily connected with 
other maps or adjacent surveys. 

Where the soundings are represented they are usually given in 
feet and tenths and lettered in black ink, the number represent- 
ing the depth of the water below the datum. Where the datum 
is mean low water, as is customary, those soundings which 
are below the datum are lettered in black, while those above 
the datum are shown in some other color. The figures are 
usually written so that the decimal point is at the exact position 
of the sounding. On the finished map it will not be necessary 
in most cases to show all of the soundings; only enough of 
them are lettered to give all necessary information. 

By means of the plotted soundings contour lines are sketched 
in the same manner as the contour lines on any topographic 
map, the contour interval depending upon the amount of detail 
required. In some of the charts of the U. S. Coast and Geodetic 
Survey the depths are represented to the nearest quarter of a 
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foot up to about 24 feet (4 fathoms) and beyond this depth they 
are recorded in fathoms; the contours are usually drawn for 
every 6-foot interval. On the navigation chart of a small river 
the soundings should be recorded in feet and tenths, and con- 
tours every 3 or 6 feet will suffice. For dredging work in a harbor 
the soundings are usually recorded in feet and tenths and the 
contours are sketched with one, three, or six-foot intervals. A 
map of this kind is shown in Fig. 162. 

In finishing hydrographic maps the high-water line should be 
the heaviest line on the map, the original pencil line being care- 
fully followed; the low-water line should be the next heaviest 
line on the map. The conventional signs for sand, ledge, etc. 
are used in representing the low-water line. Swamps are not 
limited by any definite line drawn on the map but the area is 
covered by the conventional symbol; this symbol should, however, 
be made to follow very closely the limiting line sketched on the 
original sheet. Signs for marsh, grass, etc. should always be 
parallel to the bottom of the map. Lighthouses, buoys, etc., 
located on the chart should be shown by their conventional 
signs or, if preferred, by lettering the name of the object. The 
color and number of buoys should be indicated. 

Subaqueous contours are usually represented as dot-and- 
dash lines, the shallowest contour having one dot between the 
dashes, the next contour in depth having two dots between the 
dashes, the next three dots, and so on. Where the contour 
interval is one fathom, the number of dots between the dashes 
shows the depth in fathoms at any contour. Any intermediate 
contours are represented by a continuous row of dots. 

Maps of rivers should have, in addition to the data already 
mentioned, an arrow showing the direction of the current, and 
sometimes the kind of material forming the bottom is lettered 
at the proper place on the map. 

361. Conventional Signs for Hydrographic Maps. — The 
conventional signs shown in Fig. 155 are in common use on 
hydrographic maps. 

362. Lettering. — In all lettering on topographic or hydro- 
graphic maps simple rather than elaborate and ornamental 
styles are preferable. If a plan is to be published for general 
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Fig. 166. Conventional Signs pok Hydrookaphic Maps« 
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use the title should as a rule be in vertical Roman letters, or at 
least the principal line of the title should be in Roman letters, 
the other letters being vertical Gothic. It is bad taste to put 
both vertical and inclined letters in the same title. For office 
use a plainer letter, such as the Reinhardt style, maybe adopted. 
On the Coast Survey and the Geological Survey all words on the 
map referring to land are in vertical letters and those referring 
to water are in inclined letters. (See Vol. I, pp. 424-9.) The 
size of letters to be used on a map depends upon the scale and 
the importance of the object described. In the title for a topo- 
graphic map the most important word (usually the locality) is 
represented by the largest letters, and the size of the other lines 
of the title will be in proportion to the importance of the infor- 
mation conveyed. 

Fig. 156 shows the styles of letters used on the U. S. Geological 
Survey maps. 

363. BORDER Line. —Title. — Meridian. — Every finished 
topographic or hydrographic map should have a suitable title, a 
border line, a meridian line, a scale, and a note giving any other 
needful data, such as the datum used, the contour interval, unit 
for soundings, etc. (See Vol. I, Arts. 473-8, pp. 422-8.) The 
title, note, and meridian line should be placed in such positions 
on the map that the drawing as a whole will look well balanced. 
These positions will of course depend upon the spaces around 
the drawing which are available for this purpose. The weight 
of line used for the meridian, scale, etc. should be consistent 
with the general style of the map. 




Fig. 158. Portion of Webster, Mass. Sheet. Scale ^~ 

(By Permiifioti of U. 8. Geological Survey) 




Fio. 159. — PoanoN of a Plane-Table Survey. Scale j^. 
(By permiasico of Professor A. G. RobfainsO 
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TABLES. 



TABLE I. CORRECTION FOR EARTH'S CURVATURE AND 
REFRACTION. 

(Art. 14, p. 17; Art. 1 17, p. 1 19; Art. 193, p. 21 2.) 
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0648 


1 .28454 


2 .3758 


6 .0466 


20 


1853 


0524 


1 .28715 


2 .3765 


6 .0499 


30 


1812 


0400 


I .28975 


2 .3772 


6 .0533 


40 


1771 


0276 


I .29234 


2 .3779 


6 .0566 


50 


1729 


0151 


I .29494 


2 .3785 


6.0600 


38 00 


1687 


8.51 1 0027 


1 .29753 


2 .3792 


6 .0633 


10 


1646 


8.5109902 


1. 3001 1 


2 .3798 


6 .0667 


20 


1604 


9777 


1 .30269 


2.3804 


6 .0701 


30 


1562 


9652 


I 30527 


2 .3810 


6 .0734 


40 


1521 


9526 


I 30785 


2 .3816 


6.0768 


50 


1479 


9401 


1 .31042 


2 .3822 


6.0802 


60 


8.509 1437 


8.5109275 


1. 31 299 


2.3827 


6.0836 
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TABLE III. Continued. 



Lat. 


LoKi4 


LogB 


LogC 


LogZ? 


LogE 


o t 

39 oo 


8-509 M37 


8.5109275 


I •3"99 


2 .3827 


6.0836 


10 


1395 


9149 


I 31555 


2 .3832 


6.0871 


20 


1353 


9023 


1 .31811 


2 .3838 


6.0905 


30 


13" 


8897 


1 .32067 


^ '^l^l 


6.0939 


40 


1269 


8771 


I 32323 


2 .3848 


6.0974 


50 


1227 


8644 


1 .32578 


2.3852 


6.1008 


40 00 


1184 


8517 


I z'^^zz 


2 .3857 


6.1043 
6.1078 


10 


1142 


8391 


1.33088 


2.3861 


20 


1 100 


8264 


I 33342 


2.3866 


6.1113 


30 


1057 


8137 


I 33596 


2 .3870 


6.1148 


40 


1015 


8010 


I 33850 


^ '^^Ji 


6.1183 


50 


0973 


7883 


1 .34109 


2.3878 


6.1218 


41 00 


0930 


7755 


I 34358 


^•3«82 


6.1253 
6.1289 


10 


0888 


7628 


1 .34611 


2.3885 


20 


0845 


7500 


1 .34864 


2.3889 


6.1324 


30 


0803 


7373 


i-35"7 


2.3892 


6.1360 


40 


0760 


7245 


I 35370 


2.3895 


6.1395 


50 


0718 


7117 


1 .35623 


2.3898 


6.1431 


42 00 


0675 


6989 


I 35875 


2 .3901 


6.1467 


10 


0632 


6861 


1 .36127 


2 .3903 


6.1503 


20 


0590 


6733 


I 36379 


2.3906 


6.1539 


30 


0547 


6605 


1 .36631 


2.3908 


6.1575 


40 


0504 


6477 


1 .36883 


2 .3910 


6.1612 


50 


0461 


6348 


1 .37135 


2 .3913 


6.1648 


43 00 


0419 


6220 


1 .37386 


2 .3914 


6.1684 


10 


0376 


6092 


1 .37638 


2 .3916 


6.1721 


20 


"^ZIZ 


5963 


1.37889 


2 .3918 


6.1758 


30 


0290 


5835 


1 .38141 


2 .3919 


6.1795 


40 


0247 


5706 


I 38392 


2 .3921 


6.1831 


50 


0204 


5578 


1 .38643 


2 .3922 


6.1868 


44 00 


0162 


5449 


1.38894 


2 .3923 


6.1905 


10 


0119 


5320 


1 .39145 


2 .3924 


6.1943 


20 


0076 


5192 


I 39396 


2 .3925 


6.1980 


30 


8 .5090033 


5063 


1 .39648 


2 .3925 


6.2017 


40 


8 .5089990 


4935 


1 .39898 


2 .3926 


6 .2055 


50 


9947 


4806 


1 .40149 


2 .3926 


6.2092 


45 00 


9904 


4677 


1 .40400 


2 .3926 


6.2130 


10 


9861 


4548 


1 .40651 


2 .3926 


6.2168 


20 


9818 


4420 


I .40902 


2 .3926 


6.2206 


30 


9776 


4291 


1.41153 


2 .3926 


6.2244 


40 


9733 


4162 


1 .41404 


2 .3925 


6 .2283 


50 


9689 


4034 


I .41655 


2 .3925 


6.2321 


60 


8.5089647 


8.5103905 


1 .41906 


2 .3924 


6.2359 
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TABLE III. Continued. 



Lat. 


Log^ 


LogB 


LogC 


LogD 


Log£ 


o t 

46 00 


8.5089647 


8.5103905 


1 .41906 


2 .3924 


6.2359 


10 


9604 


3776 


I .42157 


2 .3923 


6.2398 


20 


9561 


3648 


I .42409 


2 .3922 


6.2436 


30 


9518 


3519 


I .42660 


2 .3921 


6.2475 


40 


9475 


3391 


I .42911 


2 .3920 


6.2514 


50 


9433 


3262 


I .43163 


2 .3918 


6.2553 


47 00 


9390 


3134 


I .43414 


2 3917 


6.2592 


10 


9347 


3005 


J .43666 


2 .3915 


6.2632 


20 


9304 


2877 


I .43917 


2 .3913 


6.2671 


30 


9261 


2749 


1 .44169 


2.3911 


6.2710 


40 


9219 


2621 


1. 44421 


2.3909 


6.2750 


50 


9176 


2493 


I .44673 


2 .3906 


6 .2790 


48 00 


9133 


2364 


I .44926 


2 .3904 


6.2830 


10 


9091 


2236 


1. 45 1 78 


2 .3901 


6.2870 


20 


9048 


2108 


I .45431 


2.3898 


6.2910 


30 


9005 


1981 


I .45683 


2.3895 


6.2950 


40 


8963 


1853 


I -45937 


2.3892 


6.2990 


50 


8920 


1725 


1 .46190 


2.3889 


6.3031 


4900 


8878 


1598 


1 .46443 


2.3886 


6.3071 


10 


8835 


1470 


1 .46696 


2.3882 


6.3112 


20 


8793 


1343 


1 .46950 


2 .3878 


6.3153 


30 


8750 


1216 


I .47204 


2 -387s 


6.3194 


40 


8708 


1088 


1 .47459 


2 .3871 


6.3235 


•50 


8666 


0962 


r. 47713 


2.3866 


6.3276 


50 00 


8623 


0835 


I .47968 


2 .3862 


6.3318 


10 


8581 


0708 


1 .48223 


2 .3858 


6.3359 


20 


8539 


0581 


1 .48478 


2 .3853 


6.3401 


30 


8497 


0455 


1 .48734 


2 .3848 


6.3443 


40 


8455 


0328 


1.48989 


2 .3843 


6.3485 


50 


8413 


0202 


I .49246 


2 .3838 


6.3527 


51 00 


8371 


8.5100076 


1 .49502 


^ '^\^l 


6.3569 


10 


8329 


8.5099950 


I -49759 


2 .3828 


6.3612 


20 


8287 


9825 


I .50016 


2 .3822 


6 .3654 


30 


8245 


9699 


I 50273 


2.3817 


6.3697 


40 


8203 


9574 


I -50531 


2. 381 1 


6.3740 


50 


8161 


9448 


I .50789 


2.3805 


6.3782 


52 00 


8120 


9323 


1 .51048 


2.3799 


6.3826 


10 


8078 


9198 


I -51307 


2 .3792 


6.3869 


20 


8036 


9074 


1.51566 


2.3786 


6.3912 


30 


7995 


8949 


I .51826 


2 .3779 


6.3956 


40 


7953 


8825 


I .52086 


2 .3773 


6.4000 


50 


7912 


8701 


I -52347 


2 .3766 


6 .4043 


53 00 


7871 


8577 


I .52608 


2 .3759 


6.4088 


10 


7829 


8453 


I .52869 


2 .3751 


6.4132 


20 


7788 


8329 


I -53131 


2 .3744 


6.4176 


30 


7747 


8206 


I -53393 


2 .3736 


6.4221 


40 


7706 


8083 


I .53656 


2 .3729 


6.4265 


50 


7665 


7960 


1 .53919 


2 .3721 


6.4310 


60 


8.508 7624 


8.509 7838 


I. 54183 


2.3713 


6.4355 
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TABLE IV. CORRECTION TO LONGITUDE FOR DIFFERENCE 
BETWEEN ARC AND SINE. 

(Art. 5 a. p. 53.) 



logK(-) 


log difference. 


logdM( + ) 


logK(-) 


log difference. 


logdM(+) 


3.876 


0.000 0001 


2.385 


^•!r 


0.000 0098 


3.380 


4.026 


02 


2-535 


4.882 


IS 


3.391 


4.114 


03 


2.623 


4.892 


3.401 


4.177 


04 


2.686 


4-903 


114 


3.412 


4.225 


05 


2 .734 


4.913 


119 


3.422 


4.265 


06 


2.774 


4.922 


124 


3.431 


4.298 


°2 


2.807 


4.932 


130 


3.441 


4.327 


08 


2.836 


4.941 


136 


3.450 


4.353 


09 


2.862 


1 4 .950 


142 


3.459 


4.376 


10 


2.885 


4.959 


147 


3.468 


4 396 


II 


2.905 


4.968 


153 


3.477 


4-415 


12 


2 .924 


4-976 


160 


3.485 


4-433 


^3 


2.942 


4.985 


166 


3-494 


4.449 


14 


2.958 


4.993 


172 


3.502 


4-464 


15 


2.973 


5.002 


179 


35" 


4.478 


16 


2.987 


5.010 


186 


3.519 


4.491 


17 


3.000 


5.017 


192 


3.526 


4.503 


18 


3.012 


5 025 


199 


3.S3'4 


4 526 


20 


3 035 


5.033 


206 


3.542 


4.548 


23 


3.057 


5.040 


213 


3.549 


4-570 


25 


3 079 


5 047 


221 


3.556 


4.591 


27 


3.100 


5.054 


228 


3 563 


4.612 


30 


3. 121 


5.062 


236 


3.571 


4.631 


33 


3.140 


5 068 


243 


3-577 


4.649 


36 


3.158 


5 075 


251 


3.584 


4.667 


39 


3.176 


5.082 


259 


3-591 


4.684 


42 


3.193 


5.088 


267 


3-597 


4.701 


45 


3.210 


5.095 


275 


3-604 


4.716 


48 


3 225 


5 102 


284 


3. 61 1 


4 732 


52 


3-241 


5.108 


292 


3.617 


4.746 


56 


3 255 


5. 114 


300 


3.623 


4-761 


59 


3.270 


5.120 


309 


3.629 


4.774 


63 


3.283 


5.126 


318 


3.635 


4.788 


67 


3.297 


5-132 


327 


3-641 


4.801 


71 


3.310 


5.138 


336 


3 647 


4.813 


75 


3.322 


5.144 


345 


3 653 


4.825 


80 


3-334 


5-150 


354 


3.659 


4.834 


84 


3.343 


5 156 


364 


3.665 


4.849 


89 


3.358 


5. 161 


373 


3.670 


4.860 


94 


3.369 


5.167 


383 


3.676 
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TABLE V. FOR CONVERTING SIDEREAL INTO MEAN SOLAR 

TIME. 

(Increase in Sun's Right Ascension in Sidereal h. m. s.) 

(Art 73. p. 70.) 

Mean Time - Sidereal Time - C 



Sid. 


Corr. 


Sid. 


Corr. 


Sid. 


Corr. 


Sid. 


Corr. 


Sid. 


Corr. 


Hrs. 




Min. 




Min. 




Sec. 


s 


Sec. 






m s 




s 




s 




s 


I 


9 .830 


I 


0.164 


31 


5 079 


I 


0.003 


31 


0.085 


2 


19 .659 


2 


0.328 


32 


5 242 


2 


0.005 


32 


0.087 


3 


29 .489 


3 


0.491 


33 


5.406 


3 


0.008 


33 


0.090 


4 


39 -318 


4 


0.655 


34 


5 570 


4 


O.OII 


34 


0.093 


5 


49 148 


5 


0.819 


35 


5-734 


5 


0.014 


35 


0.096 


6 


58 -977 


6 


0.983 


36 


5.898 


6 


0.016 


36 


0.098 


I 


I 8.807 


I 


1. 147 


il 


6.062 


I 


0.019 


II 


O.IOI 


I 18.636 


1.311 


6.225 


0.022 


0.104 


9 


I 28.466 


9 


1.474 


39 


6.389 


9 


0.025 


39 


0.106 


10 


I 38 296 


10 


1.638 


40 


6.553 


10 


0.027 


40 


0.109 


II 


I 48.125 


II 


1.802 


41 


6.717 


II 


0.030 


41 


O.II2 


12 


1 57 -955 

2 7.784 


12 


1.966 


42 


6.881 


12 


0.033 


42 


O.II5 


13 


13 


2.130 


43 


7.045 


13 


0.035 


43 


O.II7 


14 


2 17.614 


14 


2.294 


44 


7.208 


14 


0.038 


44 


0.120 


15 


2 27 .443 


15 


2-457 


45 


7.372 


15 


0.041 


45 


0.123 


16 


2 37 273 


16 


2 .621 


46 


7 536 


16 


0.044 


46 


0.126 


;i 


2 47.102 


^1 


2.785 


s 


7.700 


\l 


0.046 


*Z 


0.128 


2 56.932 


18 


2.949 


7-864 


0.049 


48 


O.I3I 


19 


3 6.762 


19 


3113 


49 


8.027 


19 


0.052 


49 


0.134 


20 


3 16.591 


20 


3 277 


50 


8. 191 


20 


0.055 


50 


0.137 


21 


3 26.421 


21 


3 440 


51 


8.355 


21 


0.057 


51 


0.139 


22 


3 36.250 


22 


3 604 


52 


8.519 


22 


0.060 


52 


0.142 


23 


3 46.080 


23 


3.768 


53 


8.683 


23 


0.063 


53 


0.145 


24 


3 55 909 


24 


3 932 


54 


8.847 


24 


0.066 


54 


0.147 






25 


4.096 


55 


9 .010 


25 


0.068 


55 


0.150 






26 


4.259 


56 


9-174 


26 


0.071 


56 


0.153 






^1 


4.423 


52 


9-338 


^I 


0.074 


57 


0.156 






28 


4.587 


58 


9.502 


0.076 


58 


0.158 






29 


4-751 


59 


9.666 


29 


0.079 


§^ 


.161 






30 


4.915 


60 


9.830 


30 


0.082 


60 


0.164 
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TABLE V7. FOR CONVERTING MEAN SOLAR INTO SIDEREAL 

TIME. 

(Increase in Sun's Right Ascension in Solar h. m. s.) 

(Art. 73. p. 70.) 

Sidereal Time = Mean Time + C, 



Mean 
Hrs. 


C(iTT. 


Mean 
Min. 


Corr. 


Mean 
Min. 


Corr. 

1 


Mean 
Sec. 


Corr. 


Mean 
Sec. 


1 

Corr. 




m s 




s 




s 




s 




s 


I 


9 .856 


I 


0.164 


31 


5 093 


I 


0.003 


31 


0.085 


2 


19.713 


2 


0.329 


32 


5 257 


2 


0.005 


32 


O.0S8 


3 


29.569 


3 


0.493 


33 


5-421 


3 


0.008 


33 


0.090 


4 


39 .426 


4 


0.657 


34 


5-585 


4 


O.OII 


34 


0.093 


5 


49.282 


5 


0.821 


35 


5-750 


5 


0.014 


35 


0.096 


6 


59 139 


6 


0.986 


36 


5-914 


6 


0.016 


36 


0.099 


7 


I 8 .995 


I 


I .150 


^L 


6.078 


I 


.019 


^l 


O.IOI 


8 


I i8.8s2 


I 3'4 


38 


6.242 


0.022 


38 


0.104 


9 


I 28.708 


9 


1.478 


39 


6.407 


9 


0.025 


39 


0.107 


10 


I 38565 


10 


1.643 


40 


6.571 


10 


0.027 


40 


O.IIO 


II 


I 48.421 


II 


1.807 


41 


6.735 


II 


0.030 


41 


O.II2 


12 


I 58.278 


12 


I .971 


42 


6.900 


12 


0.033 


42 


O.II5 


13 


2 8.134 


13 


2.136 


43 


7.064 


13 


0.036 


43 


O.I18 


14 


2 17.991 


14 


2.300 


44 


7.228 


14 


0.038 


44 


0.120 


15 


2 27.847 


15 


2.464 


45 


7 -392 


15 


0.041 


45 


0.123 


16 


2 37704 


16 


2.628 


46 


7 -557 


16 


0.044 


46 


0.126 


17 


2 47 560 


17 


2.793 


^l 


7.721 


17 


0.047 


47 


0.129 


18 


2 57-417 


18 


2 .957 


48 


7.885 


18 


0.049 


48 


O.I3I 


19 


3 7-2n 


19 


3. 121 


49 


8.049 


19 


0.052 


49 


0.134 


20 


3 17.129 


20 


3 285 


50 


8.214 


20 


0.055 


50 


0.137 


21 


3 26.986 


21 


3 -450 


51 


8.378 


21 


0.057 


51 


0.140 


22 


3 36-842 


22 


3.614 


52 


8.542 


22 


0.060 


52 


0.142 


23 


3 46.6(>9 


23 


3 778 


53 


8.707 


23 


.063 


53 


0.145 


24 


3 56.555 


24 


3 -943 


54 


8.871 


24 


0.066 


54 


0.148 






25 


4.107 


55 


9-035 


25 


0.068 


55 


O.I5I 






26 


4.271 


56 


9.199 


26 


0.071 


56 


0.153 






27 


4 .435 


57 


9-364 


27 


0.074 


% 


0.156 






28 


4.600 


58 


9.528 


28 


0.077 


0.160 






29 


4.764 


59 


9.692 


29 


0.079 


59 


o.i6a 






.30 


4.928 


60 


9.856 


30 


0.082 


60 


0.164 
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TABLE VII. MEAN REFRACTION CORRECTION. 

(Art. 78. p. 73) 
Barometric Pressure 30 Inches. Temperature 50° F. 



Apparent Altitude 


Mean Refraction 


Apparent Altitude 


Mean Refraction 


0° 


36' 29-^ 


17° 


3' oS" 


I 


24 54 


18 


2 58 


2 


18 26 


19 


2 48 


3 


14 25 


20 


2 39 


4 


II 44 


25 


2 04 


5 


9 52 


30 


I 41 


6 


8 28 


35 


I 23 


I 


7 24 


40 


I 09 


6 33 


45 


58 


9 


5 53 


SO 


49 


10 


5 19 


55 


41 


II 


4 SI 


60 


34 


12 


4 28 


65 


27 


13 


4 07 


70 


21 


14 


3 SO 


l^ 


16 


15 


3 34 


80 


10 


16 


3 20 


85 


05 






90 


00 
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TABLE Vni. LOG A AND LOG B (FOR COMPUTING EQUATION 
OF EQUAL ALTITUDES). 

(Art. 88, p. 85.) 
(Log A is — and Log B is + ) 





3 


h 


4 


h 


5 


h 


6 h 


7 


h 


2t 


LogA 


LogB 


LogA 


LogB 


Logi4 


LogB 


Logi4 


LogB 


LogA 


LogB 


m. 




9.4172 


9.3828 


9. 4260 


9.3635 


9.4374 


9.3369 


9.4515 


9.3010 


9.4685 


9.2530 


I 


.4173 


.3825 


. 4261 


.3631 


.4376 


• 3364 


.4518 


.3003 


.4688 


. 2520 


2 


.4174 


.3822 


.4263 


.3627 


.4378 


.3358 


.4521 


. 2996 


.4691 


.2511 


3 


.4175 


.3820 


.4265 


.3624 


.4380 


.3353 
.3348 


.4523 


.2989 


.4694 


.2502 


4 


.4177 


.3817 


.4266 


.3620 


.4383 


.4526 


. 2982 


.4697 


.2492 


5 


9.4178 


9.3814 


9.4268 


9.3616 


9.4385 


9.3343 


9.4528 


9.2975 


9.4701 


9.2483 


6 


.4179 


.381 1 


.4270 


.3612 


.4387 


.3337 


.4531 


.2968 


.4704 


.2473 


2 


.4181 


.3809 


.4272 


.3608 


.4389 


.3332 


.4534 


. 2961 


• 4707 


.2463 


.4182 


.3806 


.427.^ 


.3604 


• 4391 


.3327 


.4536 


.2954 


.4710 


-2454 


9 


.4183 


.3803 


.4275 


.3600 


•4393 


.3321 


.4539 


.2947 


.4713 


•2444 


10 


9.4184 


9.3800 


9.4277 


9.3596 


9.4396 


9.3316 


9.4542 


9-2940 


9.47it 


9.2434 


II 


.4186 


.3797 


.4279 


•3592 


.4398 


.3311 


.4544 


.2932 


.4719 


•2425 


\2 


.4187 


•3794 


.4280 


.3588 


.4400 


.3305 


.4547 


.2925 


.4723 


.2415 


13 


.4188 


.3792 


.4282 


.3584 


.4402 


.3300 


.4550 


.2918 


.4726 


.2405 


14 


.4190 


.3789 


.4284 


.3580 


.4405 


.3294 


.4552 


. 291 1 


.4729 


.2395 


15 


9-4191 


9.3786 


9.4286 


9.3576 


9.4407 


9.3289 


9-4555 
.4558 


9.2903 


9.4732 


9.2385 


16 


•4193 


.3783 


.4288 


.3572 


.4409 


.3283 
.3278 


.2896 


.4735 


.2375 


17 


.4194 


.3780 


.4289 


.3568 


.4411 


.4561 


.2888 


.4738 


.2365 


18 


.4195 


.3777 


.4291 


.35^4 


.4414 


.3272 


.4563 


.2881 


.4742 


.2355 


»9 


.4197 


•3774 


-4293 


.3 559 


.4416 


.3266 


.4566 


.2873 


.4745 


.2344 


20 


9.4198 


9.3771 


9.4295 


9.3555 


9.4418 


9.3261 


9.4569 


9.2866 


9.4748 


9.2334 


21 


• 4199 


.3768 


.4297 


.3551 


.4420 


.3255 


.4572 


.2858 


.4751 


.2324 


22 


.4201 


•3765 


.4299 


.3547 


.4423 


.3249 


• 4574 


. 2850 


.4755 


.2313 


23 


. 4202 


• 3762 


.4300 


.3542 


.4425 


.3244 


.4577 


.2843 


.4758 


.2303 


24 


.4204 


.3759 


• 4302 


.3538 


.4427 


.3238 


.4580 


.2835 


.4761 


.2292 


25 


9.4205 


9.3756 


9.4304 


9.3534 


9.4430 


9.3232 


9.4583 


9.2827 


9.4764 


9. 2282 


26 


.4207 


.3752 


.4306 


.3530 


.4432 


.3226 


'^^ll 


. 2819 


.4768 


. 2271 


27 


.4208 


•3749 


.4308 


.3525 


.4434 


.3220 


.4588 


.2812 


.4771 


. 226X 


28 


.4209 


.3746 


.4310 


.3521 


.4437 


.3214 


.4591 


. 2804 


.4774 


. 2250 


29 


.4211 


•3743 


.4312 


.3516 


•4439 


.3208 


• 4594 


.2796 


.4778 


. 2239 


30 


9.4212 


9.3740 


9.4314 


9.3512 


9.4441 


9.3203 


9.4597 


9.2788 


9.4781 


9. 2238 


31 


.4214 


.3737 


.4315 


.3508 


.4444 


.3197 


. 4600 


. 2780 


:i?ll 


. 22x7 


3a 


.4215 


.3733 


.4317 


.3503 


.4446 


.3191 


.4602 


.2772 


. 2206 


33 


.4217 


.3730 


.4319 


.3499 


•4448 


.3185 


.4605 


.2764 


.4791 


. 2195 


34 


.4218 


.3727 


.4321 


•3494 


• 4451 


.3178 


.4608 


.2756 


.4794 


. 2184 


35 


9.4220 


9.3723 


9.4323 


9.3490 


9.4453 


9.3172 


9.4611 


9.2747 


9.4798 


9- 2X73 


36 


.4221 


.3720 


.4325 


•3485 


.4456 


.3166 


.4614 


.2739 


.4801 


.3162 


37 


• 4223 


.3717 


.4327 


.3480 


.4458 


.3 160 


.4617 


.2731 


"♦S^f 


.2151 


38 


• 4224 


.3713 


.4329 


.3476 


.4460 


.3154 


.4620 


.2723 


.4808 


. 214.0 


39 


. 4226 


.3710 


.4331 


.3471 


.4463 


.3148 


.4622 


.2714 


.4811 


. 2x28 


40 


9.4227 


9.3707 


9.4333 


9.3467 


9.4465 


9.3142 


9.4625 


9. 2706 


.481& 


9.21x7 


4« 


• 4229 


•3703 


.4335 


.3462 


.4468 


.3135 


.4628 


.2698 


. a 105 


42 


.4231 


.3700 


.4337 


.3457 


.4470 


.3129 


.4631 


. 2689 


.4821 


.2094 


43 


.4232 


.3696 


.4339 


.3453 


.4473 


.3123 


.4634 


.2681 


::m 


.aoSa 


44 


.4234 


•3693 


.4341 


.3448 


.4475 


.3116 


.4637 


.2672 


. ao7o 


4 5 


9.4235 


9.369c 


9.4343 


9-3443 


9.4477 


9.3110 


9.4640 


9. 2664 


9.4832 


9-ao59 


46 


.4237 


.3686 


.4345 


.3438 


.4480 


.3103 


.4643 


.2655 


.4835 


. ao47 


47 


.4238 


.3683 


•4347 


.3433 


.4482 


• 3097 


.4646 


.2646 


.4839 


. ao35 


48 


.4240 


• 3679 


.4349 


.3429 


.4485 


.3091 


.4649 


.2638 


.4842 


. 3oa3 


49 


.4242 


.3675 


.4351 


•3424 


.4487 


.3084 


.4652 


. 2629 


.4846 


. aoii 


50 


9.4243 


9.3672 


9.4353 


9.3419 


9.4490 


9.3078 


9.4655 


9. 2620 


9.4849 


9- 1999 


51 


• 424s 


.3668 


. 43 5 5 


.3414 


.4492 


.3071 


.4658 


. 2611 


.4853 


. 1987 


52 


.4246 


.3665 


.4357 


.3409 


•4494 


.3064 


.4661 


. 2602 


-^IV" 


- 197* 


53 


.4248 


.3661 


.4359 


.3404 


.4497 


.3058 


.4664 


.2593 


.4860 


. 19^3 


54 


.4250 


.3657 


.4361 


.3399 


.4500 


.3051 


.4667 


.2584 


.4863 


- 1950 


5 5 


9.4251 


9.3654 


9.4363 


9.3394 


9.4503 


9.3044 


9.4670 


9.257s 


9.4867 


9. 1937 


56 


.4253 


.3650 


.4366 


.3389 


.4505 


• 3038 


.4673 


.2566 


.4870 


- 1925 


57 


.4255 


.3646 


.4368 


.3384 


.4508 


.3031 


.4676 


.2557 


.4874 


. 19X a 


58 


.4256 


.3643 


.4370 


.3379 


.4510 


.3024 


.4679 


.2548 


'^IV 


. 19 00 


59 


.4258 


.3639 


.4372 


.3374 


.4513 


.3017 


.4682 


.2539 


•^2S' 


.18S7 


60 


9.4260 


9.3635 


9.4374 


9.3369 


9.4515 


9.3010 


9.4685 


9.2530 


9.4884 


9- 187* 
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TABLE VIII. LOG A AND LOG B (FOR COMPUTING EQUATION 
OF EQUAL ALTITUDES). 

(Art. 88, p. 8s.) 
(Log A is — and Log B is + ) 





8 h 


9 


h 


IC 


h 


II 


h 


la 


h 


2 ( 


LogA 


LogB 


Logil 


LogB 


Logi4 


LogB 


Logi4 


LogB 


Logil 


LogB 


m. 
o 


9.4884 


9.1874 


9.511S 


9.0943 


9.53 79 


8.9509 


9.5680 


8.6837 


9. 603I 


Inf. 


I 


.4888 


.1861 


.5x19 


.0925 


.5384 


.9478 


.5685 


.6770 


.6037 


6. 9603 


a 


.4892 


. 1848 


.5123 


. 0906 


.5389 


.9447 


.5691 


.6701 


• 6033 


7.2431 


3 


.4895 


.1835 


-S127 


.0887 


.5393 


.9416 


.5696 


.6633 


.6039 


.4x98 


4 


.4899 


. 1833 


.5132 


.0867 


.5398 


.9384 


.5701 


.6560 


.6045 


.5453 
7.6438 


5 


9.4902 


9. 1809 


9.5136 


9-0848 


9.5403 


8.9352 


9.5707 


8.6488 


9.6051 


6 


.4906 


.X796 


.5140 


.0828 


.5408 


.9320 


.57x3 


.6414 


.6057 


.7236 


7 


.49J0 


.1782 


.5144 


. 0809 


.54x2 


.9287 


.57x8 


.6339 


. 6063 


. 7903 


8 


• 4913 


.1769 


.5148 


.0789 


.54x7 


• 9254 


.5723 


.6262 


. 6069 


.8488 


9 


.4917 


.1756 


.5153 


.0769 


.5422 


.9221 


.5728 


.6183 


.6075 


.9005 


lO 


9-4921 


9^1742 


9.5x57 


9.0749 


9.5427 


8.9x87 


9.5734 


8.6103 


9.6083 


7.9469 


I X 


.4924 


. 1728 


.5x61 


.0729 


.5432 


.9153 
.9x18 


.5739 


.6031 


.6088 


.9889 


la 


.4928 


. X7IS 


.5165 


•°7o8 


.5436 


.5745 


.5937 
.5852 


.6094 


8.0373 


13 


•4932 


•'?2* 


.5169 


.0688 


.544X 


.9083 
.9048 


.5750 


. 6100 


.0627 


14 


.4935 


. 1687 


.5174 


.0667 


.5446 


.5756 


.5764 


.6106 


.0955 


15 


9.4939 


9. 1673 


9.5x78 


9. 0646 


9.5451 


8.9013 


9.5761 


8.5674 


9.6x13 


8. 1360 


i6 


•4943 


. 1659 


.5182 


.0635 


.5456 


.8977 


.5767 


•"83 
.5488 


. 6119 


. X547 


17 


• 4946 


.1645 


.5186 


.0604 


.5461 


.8940 


.5772 


. 6135 


.1816 


i8 


•4950 


. 1630 


.S19X 


.0583 


.5466 


.8903 


.5778 


.5392 


.6131 


.2071 


19 


.4954 


. 1616 


.5195 


.0561 


.5470 


.8866 


.5783 


.5293 


.6137 


.23x2 


20 


9.4958 


9. 1602 


9.5x99 


9.0540 


9.5475 


8.8839 


9.5789 


8.5192 


9.6x44 


8.2541 


31 


.4961 


.1587 


.5204 


.05x8 


.5480 


.879X 


.5794 


.5088 


.6150 


.2759 


32 


.4965 


.1573 
.1558 


. 5208 


.0496 


.5485 


.8752 


.5800 


.4981 


.6156 


.2967 


23 


.4969 


.5212 


.0474 


.5490 


.8713 


.5806 


.4871 


.6163 


.3166 


24 


.4973 


.X543 


.5217 


.0452 


.5495 


o-?674 


.5811 


.4758 


.6169 


.3357 


*l 


9.4977 


9-1528 


9. 5221 


9.0429 


9.5500 


8.8634 


9.5817 


8.4641 


9.6175 


8.3540 


36 


.4980 


.1513 


.5235 


.0406 


.5505 


• 8594 


. 5833 


.4521 


.6183 


•3717 


'2 


.4984 


.1498 


.5230 


.0383 


.55x0 


.8553 


.5828 


.4397 


.6188 


.3887 


a8 


.4988 


.1483 
. 1468 


.5234 
.5238 


.0360 


.55x5 


.8512 


.5834 


.4270 


.6194 


.4051 


39 


.4992 


.0337 


.5520 


.8470 


.5839 


.4x38 


. 6301 


.4210 


30 


9.4996 


9.1453 


9.5243 


9.0314 


9.5525 


8.8427 


9.5845 


8. 4001 


9.6307 


8.4363 


31 


. 5000 


.1437 


.5247 


.0290 


.5530 


.8384 


.5851 


.3860 


. 6314 


• 4512 


32 


. 5003 


. 1422 


.5252 


.0366 


• 5535 


.834X 


.5856 


.3713 


.6230 


.4657 


33 


.5007 


. X406 


.5256 


.0343 


.5540 


.8397 


.5862 


.3561 


.6336 


.4796 


34 


.5011 


. 1390 


.5261 


.03x8 


.5545 


.8253 


.5868 


.3403 


.6333 


. 4932 


35 


9.5015 


9. 1375 


9.5265 


9.0194 


9.5550 


8.8208 


9.5874 


8.3239 


9.6339 


8.5064 


36 


. 5019 


• 1359 


.5269 


.0169 


.5555 


.8162 


.5879 


.3067 


.6346 


.5192 


37 


.5023 


.1343 


.5274 


.0144 


.5560 


.8ii<; 


.5885 


.3888 


. 6252 


.53x8 


38 


.5027 


.1327 


.5278 


.0119 


.5565 


.8068 


.5891 


. 2701 


.6259 


• 5440 


39 


.5031 


. 13 10 


.5283 


.0094 


.5570 


.8oao 


.5897 


.2505 


.6265 


.5559 


40 


9.5035 


9.1294 


9.5287 


9.0069 


9.5576 


8.7972 


9.5902 


8. 2399 


9. 6372 


8.5675 


41 


.5038 


. 1278 


.5292 


.0043 


.5581 


.7923 


.5908 


.3083 


.6379 


.5788 


43 


.5042 


. 1261 


.5296 


.0017 


.5586 


.7873 


.59x4 


.1853 


.6385 


!6oo8 


43 


.5046 


. 1244 


.5301 


8.9991 


.5591 


.7823 


.5920 


. 1611 


. 6392 


44 


•5050 


. 1238 


•5305 


«-996s 


.5596 


^.7772 


.5926 


.X354 


.6398 


. 61x4 
8.63x8 


45 


9.5054 


9. 121 1 


9.53x0 


8.9938 


9.5601 


8.7720 


9.593X 


8. 1080 


9.6305 


46 


.5058 


.XI94 


.5315 


'^VJ 


. 5606 


.7668 


.593 7 


.0786 


.6311 


. 6330 


47 


. 5062 


. II77 


.53x9 


.9884 


.5613 


.7614 


.5943 


.0470 


.6318 


.64x9 


48 


. 5066 


.1159 


.5324 


.9857 


.5617 


.7560 


.5949 


.0138 


.6325 


.65x7 


49 


•5070 


.1142 


.5328 


.9830 


.5632 


.7505 


.5955 


7.9756 


.6331 


.6613 


50 


9.5074 


9.1125 


9.5333 


8.9803 


9.5637 


8.7449 


9.5961 


':Ii5? 


9.6338 


8.6707 


51 


.5078 


. I 107 


.5337 


.9774 


•5632 


.7392 


.5967 


.6345 


.6799 


52 


. 5082 


. X089 


• 5342 


.9745 


.5638 


.7335 


.5973 


.8391 
.7817 


.6351 


.6890 


S3 


. S086 


. 1072 


•5347 


'^lll 


:|^4i 


.7276 


.5979 


.6358 


.6979 


54 


.5091 


. 1054 


.5351 


.9688 


.7217 


.5985 


.7x54 


.6365 


.7067 


55 


9.5095 


9- X036 


9.5356 


8.9659 


9.5654 


8.7x56 


9.5991 


7.6368 


9.6372 


8.7153 


56 


.5099 


. 1017 


.5361 


.9630 


.5659 


.7094 


.5997 


.5405 


.6378 


.7237 


57 


.5103 


.0999 


.5365 


.9600 


.5664 


.7032 


.6003 


.4162 


.6385 


.7321 


58 


.5107 


. 0981 


.5370 


.9570 


.5669 


.6968 


.6009 


.2407 


.6393 


. 7402 


59 


.51x1 


.0962 


.5375 


.9540 


.5675 


.6903 


-6015 


6.9591 


.6399 


• 7483 


60 


9. 5115 


9.0943 


9.5379 


8.9509 


9.5680 


8.6837 


9. 603I 


Inf. 


9.6406 


8.756^ 
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TABLE IX. FOR DETERMINING DIFFERENCE IN ELEVATION BY 

THE BAROMETER. 

(Art. 133. P- «36-) 

D - 60,158.58 X logH. 

(Extracted from Smithnonian Miscellaneous (Contributions.) 



Il 


Hundredth of an Inch 


Diflf. 


|.g 


.00 


.01 


.02 


.03 


.04 


.05 


.06 


.07 


.08 


.09 


for 
.OX 




Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


'^1 


^'If 


9,726 


9,744 


9,762 


9,780 


9,798 


9,816 


9,834 


9,851 


9,869 


18 


14.6 


9,887 


9,905 


9,923 


9,941 


9,959 


9,977 


9,994 


10,012 


10,030 


10,048 


18 


^H 


10,066 


10,083 


10,101 


10,119 


10,137 


10,154 


10,172 


10,190 


10,207 


10,225 


11 


14.8 


10,243 


10,260 


10,278 


10,296 


10,313 


10,331 


10,349 


10,366 


10,384 


10,401 


i4.g 


10,419 


10,436 


10,454 


10,471 


10,489 


10,506 


10,524 


10,541 


10,559 


10,576 


'7 


15.0 


10,593 


10,611 


10,628 


10,646 


10,663 


10,680 


10,698 


10^888 


10,732 


10,750 


17 


15.1 


10,767 


10,784 


10,802 


10,819 


10,836 


10,853 


10,871 


10,905 


10,922 


17 


15.2 


10,939 


10,957 


10,974 


10,991 


11,008 


11,025 


11,042 


",059 


11,076 


11,094 


[I 


15.3 


II, III 


11,128 


11,145 


11,162 


11,179 


11,196 


11,213 


11,230 


11,247 


11,264 


15.4 


11,281 


11,298 


",315 


",332 


",349 


11,366 


11.382 


",399 


11,416 


",433 


17 


15.5 


",450 


11,467 


11,484 


",500 


",517 


",534 


",551 


11,568 


",584 


11,601 


17 


15.6 


11,618 


",63s 


11,651 


11,668 


11,685 


11,702 


11,718 


",735 


11,752 


11,768 


17 


15.7 
15.8 


",785 


11,802 


11,818 


11,835 


11,851 


11,868 


11,885 


11,901 


11,918 


11,934 


17 


",951 


11,967 


11,983 


12,000 


12,017 


12,033 
12,198 


12,050 


12,066 


12,083 


12,099 


16 


15.9 


I2,Il6 


12,132 


12,148 


12,165 


12,181 


12,214 


12,230 


12,247 


12,263 


17 


16.0 


12,280 


12,296 


12,312 


12,329 


12,345 


12,361 


12,377 


12,394 


12,410 


12,426 


16 


16.1 


12,442 


12,459 


12,475 


12,491 


12,507 


12,523 


12,540 


12,556 


12,572 


12,588 


16 


16.2 


12,604 


12,620 


12,636 


12,653 


12,669 


12,685 


12,701 


12,717 


12,733 
12,893 


12,749 


16 


16.3 


12,765 


12,781 


12,797 


12,813 


12,829 


12,845 


12,861 


12,877 


12,909 


16 


16.4 


12,925 


12,941 


12,957 


12,973 


12,988 


13,004 


13,020 


13,036 


13,052 


13,068 


16 


16.5 


13,084 


13,099 


13, "5 


^Zf^Z^ 


13,147 


13,163 


13,178 


13,194 


13,210 


13,226 


16 


x6.6 


13,242 


13,257 


13,273 


13,289 


13,304 


13,320 


13,336 


13,352 


13,367 


13,383 


16 


'!-Z 


13,398 


13,414 


13,430 


13,445 


13,461 


13,476 


13,492 


13,508 


13,523 


13,539 


15 


16.8 


13,554 


13,570 


13,585 


13,601 


13,616 


13,632 


13,647 


13,663 


13,678 


13,694 


16 


16.9 


13,709 


13,725 


13,740 


13,756 


13,771 


13,787 


13,802 


13,817 


13,833 


13,848 


16 


17.0 


13,864 


13,879 


13,894 


13,910 


13,925 


13,940 


13,956 


13,971 


13,986 


14,002 


15 


17.1 


14,017 


14,032 


14,047 


14,063 


14,078 


14,093 


14,108 


14,124 


14,139 


14,154 


15 


17.2 


14,169 


14, 184 


14,199 


14,215 


14,230 


14,245 


14,260 


14,275 


14,290 


14,306 


15 


17.3 


14,321 


14,336 


14,351 


14,366 


14,381 


14,396 


14,411 


14,426 


14,441 


14,456 


15 


17-4 


14,471 


14,486 


14,501 


14,516 


14,531 


14,546 


14,561 


14,576 


14,591 


14,606 


15 


17.5 


14,621 


14,636 


14,651 


14,665 


14,681 


14.695 


14,710 


14,725 


\\% 


14,755 


14 


17.6 


14,770 


14,785 


14,799 


14,814 


14,829 


14,844 


14,859 


14,874 


14,903 


15 


;?:! 


14,918 


14,933 


14,947 


14,962 


14,977 


14,992 


15,006 


15,021 


15,036 


15,050 


15 


15,065 


15,080 


15,094 


15,109 


15,124 


15,138 


15,153 


15,168 


15,122 


15,197 


14 


17.9 


15,211 


15,226 


15,241 


15,255 


15,270 


15,284 


15,299 


15,313 


15,328 


15,342 


15 


18.0 


15,357 


15,371 


15,386 


15,400 


15,415 


15,429 


15,444 


15,458 


15,473 


15,487 


14 


z8.i 


15,502 


15,516 


15,530 


15,545 


15,559 


15,574 


15,588 


15,602 


15,617 


15,631 


15 


Z8.2 


15,646 


15,660 


15,674 


15,689 


15,703 


15,717 


15,732 


w^ 


15,760 


15,774 


14 


18.3 


15,789 


15,803 


15,817 


15,831 


15,846 


15,860 


15,874 


15,903 


15,917 


14 


184 


15,931 


15 » 945 


15,959 


15,974 


15,988 


l6|002 


16,016 


16,030 


16,044 


16,059 


H 
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^ 


Hundredth of an Inch 


Diff. 


ic 




for 


.00 


•01 


.02 


.03 


.04 


.05 


.06 


.07 


.08 


.09 


.01 




Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


Feet 


'H 


16,073 


16,087 


i6,ioi 


16,115 


16,129 


16,143 


16,157 


16,171 


16,185 


16,200 


14 


18.6 


16,214 


16,228 


16,242 


16,256 


16,270 


16,284 


16,298 


16,312 


16,326 


16,340 


14 


18.7 


16,354 


16,368 


16,382 


16,395 


16,409 


16,423 


16,437 


16,451 


16,465 


16,479 


14 


18.8 


16,493 


16,507 


16,521 


16,535 


16, 549 


16,562 


16,576 


16,590 


16,604 


16,618 


13 


18.9 


16,632 


16,645 


16,659 


16,673 


16,687 


16,701 


16,714 


16,728 


16,742 


16,756 


14 


19.0 


16,769 


16,783 


16,797 


16,811 


16,824 


16,838 


16,852 


16,866 


16,879 


16,893 


14 


19.1 


16,907 


16,920 


16,934 


16,948 


16,961 


16,975 


16,989 


17,002 


17,016 


17,029 


14 


19.2 


17,043 


17,057 


17,070 


17,084 


17,097 


17,111 


17,125 


17,138 


17,152 
17,287 


17,165 


14 


19.3 


17,179 


17,192 


17,206 


17,219 


17,233 


17,246 


17,260 


17,273 


17,300 


13 


19-4 


17,314 


17,327 


17,341 


17,354 


17,368 


17,381 


17,394 


17,408 


17,421 


17,435 


13 


19.5 


17,448 


17,461 


17,475 


17,488 


17,502 


17,516 


17,528 


17,542 


17,555 


17,568 


14 


19.0 


17,582 


17,595 


17,608 


17,622 


17,635 


17,648 


17,662 


17,675 


17,688 


17,701 


13 


19.7 
19.8 


17,715 


\l:^ 


17,741 


17,754 


17,768 


17,781 


17,794 


17,807 


17,821 


17,834 


13 


17,847 


17,873 


17,887 


17,900 


17,913 


17,926 


17,939 


17,952 


17,965 


13 


19.9 


17,979 


17,992 


18,005 


i8,oi8 


18,031 


18,044 


18,057 


18,070 


18,083 


18,096 


13 


20.0 


18,110 


18,123 


18,136 


18,149 


18,162 


18,175 


18,188 


18,201 


18,214 


18,227 


13 


20.1 


18,240 


'!'^§^ 


18,266 


18,279 


18,292 


18,305 


18,318 


18,331 


18,344 


18,357 


13 


20.2 


18,370 


18,383 


18,395 


18,408 


18,421 


18,434 


18,447 


18,460 


18,472 


18,486 


13 


20.3 


18,499 


18,511 


18,524 


18,537 


18,550 


18,563 


18,576 


18,589 


18,601 


18,614 


13 


20^ 


18,627 


18,64c 


18,653 


18,665 


18,678 


18,691 


18,704 


18,716 


18,729 


18,742 


13 


20.5 


18,755 


18,895 


18,780 


18,792 


18,806 


18,818 


18,831 


18,844 


18,856 


18,869 


12 


20.6 


18,882 


18,907 


18,920 


18,933 


18,945 


18,958 


18,971 


18,983 


18,996 


12 


20.7 
20.8 


19,008 


19,021 


19,034 


19,046 


19,059 


19,071 


19,084 


19,097 


19,109 


19,122 


12 


19,134 


19,147 


19,159 


19,172 


19,184 


19,197 


19,210 


19,222 


19,235 


19,247 


13 


20.9 


19,260 


19,272 


19,285 


19,297 


19,310 


19,322 


19,334 


19,347 


19,359 


19,372 


12 


21.0 


19,384 


19,397 


19,409 


19,422 


19,434 


19,446 


19,459 


19,471 


19,484 


19,496 


12 


21. 1 


19,508 


19,521 


19,533 


19,546 


19,558 


19,570 


19,590 


19,595 


19,607 


19,620 


12 


21.2 


19,632 


19,644 


19,657 


19,669 


19,681 


19,694 


19,706 


19,718 


19,730 


19,743 


13 


21.3 


19,755 


19,767 


19,779 


19,792 


19,804 


19,816 


19,828 


19,841 


19,853 


19,865 


12 


21.4 


19,877 


19,890 


19,902 


19,914 


19,926 


19,938 


19,950 


19,963 


19,975 


19,987 


12 


21.5 


19,999 


20,011 


20,023 


20,036 


20,048 


20,060 


20,072 


20,084 


20,096 


20,108 


12 


21.6 


20,120 


20,132 


20,144 


20,157 


20,169 


20,l8l 


20, 193 


20, 205 


20,217 


20,229 


12 


"i 


20,241 


20,253 


20,265 


20,277 


20,389 


20,301 


20,313 


20,325 


20,337 


20,349 


12 


21.8 


20,361 


20,373 


20,385 


20,397 


20,409 


20,421 


20,433 


20,445 


20,457 


20,469 


12 


21.9 


20,481 


20,493 


20,505 


20,516 


20,528 


20,540 


20,552 


20,564 


20,576 


20,588 


12 


22.0 


20,600 


20,612 


20,623 


20, 636 


20,647 


20,659 


20,671 


20,683 


20,695 


20,706 


12 


22.1 


20,718 


20,732 


20,742 


20,754 


20,765 


20,777 


20,789 


20,802 


20,813 


20,824 


12 


22.2 


20,836 


20,848 


20,860 


20,871 


20,883 


20,894 


20,907 


20,918 


20,930 


20,942 


II 


22.3 


20, 954 


20,965 


20,977 


20,989 


21,000 


21,012 


21,024 


21,035 


21,047 


21,059 


12 


224 


21,071 


21,082 


21,094 


21,105 


21,117 


21,129 


21,140 


21,152 


21,164 


21,175 


12 
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22.5 
22.6 

22.8 
22.9 

23.0 
23.1 
23.2 
23.3 
23.4 

23.5 
23.6 

23.8 
23.9 

24.0 
24.1 
24.2 
24.3 
244 

24.5 
24.6 

24.8 
24.9 

25.0 
25.1 
25.2 
25.3 

25.5 
25.6 

25.8 
25.9 

26.0 
26.1 
26.2 
26.3 
26.4 



Hundredth of an Inch 



.00 



Feet 
21,187 

418 



533 
647 

761 
874 
987 
100 
212 

3^3 
434 
544 
654 
764 

873 
982 
090 
198 
305 

412 

518 
624 

730 
835 

940 
044 
148 
251 
354 

457 
559 
661 
762 
864 

964 
065 
164 
264 
363 



Feet 
21,199 
21.314 
21,430 
21,545 
21,659 

21,772 
21,886 
21,999 

22,111 
22,223 

22,334 
22,445 
22,555 
22,665 

22,775 

22,884 

22,993 
23tioi 
23,208 
23*316 

23,422 
231529 
23*635 
23*740 
23*845 

23,950 

24,054 
24,158 
24,261 

24,365 

24,467 
24,569 
24*671 

24,773 
24,874 

24,974 
25*075 
25*174 
25,274 
25^373 



Feet 
21,210 
21,326 
21,441 
21,556 
21,670 

21,784 
21,897 
22,010 

22,122 
22,234 

22,345 
22,456 
22,566 
22,676 
22,786 

22,895 
23,003 
23,111 
23,219 
23,326 

23,433 
23,539 
23,645 
23,751 
23,856 

23,960 
24,065 
24,168 
24,272 
24,375 

24,477 
24,580 
24,681 

24,783 
24,884 

24,984 
25,085 
25,184 
25,284 
25*383 



.03 



Feet 
21,222 
21,337 
21,453 
21,577 
21,681 

21,795 
21,908 
22,021 

22,133 
22,245 

22,356 
22,467 

22,577 
22,687 

22,797 

22,906 

23,014 
23,122 
23,230 
23,337 

23,444 
23,550 
23,656 
23,761 
23,866 

23,971 
24,075 

24,179 
24,282 

24,385 

24,488 
24,590 
24,691 

24,793 
24,894 

24,994 
25,095 
25,194 
25,294 
25^393 



.04 



Feet 
21,233 
21,349 
21,464 
21,579 
21,693 

21,806 
21,920 
22,032 

22,145 

22,256 

22,367 
22,478 
22,588 
22,698 
22,808 

22,917 
23,025 
23,133 
23,241 
23,348 

23,454 
23,561 

33,666 
23,772 
23,877 

23,981 
24,085 

24,189 
24,292 

24,395 

24,498 
24,600 
24,702 
24,803 
24,904 

25,004 
25,105 
25,204 
25, 304 
25,403 



.05 



Feet 

21,245 
21,360 
21,466 
21,590 
21,704 

21,818 

21,931 
22,044 
22,156 
22,267 

22,378 
22,489 

22,599 
22,709 
22,818 

22,927 
23,036 
23,144 
23,251 
23,358 

23,465 
23,571 
23,677 
23,782 
23,887 

23,992 
24,096 
24,199 

24,303 
24,406 

24,508 
24,610 
24,712 
24,813 
24,914 

25,014 
25,115 
25,214 
25,314 
25,412 



.06 



Feet 
21,256 
21,372 
21,487 
21,602 
21,716 

21,829 
21,942 
22,055 
22,167 
22,278 

22,390 
22,500 
22,610 
22,720 
22,829 

22,938 
23,047 
23,155 
23,262 

23,369 

23,476 
23,582 
23,688 

23,793 
23,898 

24,002 
24,106 
24,210 

24,313 
24,416 

24,518 
24,620 
24,722 
24,823 
24,921 

25,024 
25,125 
25,224 

25,323 
25,422 



.07 



Feet 
21,268 
21,384 
21,499 
21,613 
21,727 

2 1 , 840 

21,953 
22,066 
22,178 
22,290 

22,401 
22,511 
22,621 

22,731 
22,840 

22,949 
23,058 
23,165 
23,273 
23,380 

23,486 
23,592 
23,698 
23,803 
23,908 

24,013 

24,117 
24,220 

24,323 
24,426 

24,528 
24,630 
24,732 
24,833 
24,934 

25,034 
25,135 
25,234 
25,333 
25,432 



.08 



Feet 
21,280 

21,395 
21,510 
21,624 
21,738 

21,852 
21,965 
22,077 
22,189 
22,301 

22,412 
22,522 
22,632 
22,742 
22,851 

22,960 
23,068 
23,176 
23,283 
23,390 

23,497 
23,603 
23,709 
23,814 

23,919 

24,023 
24,127 
24,230 
24,333 
24 



43624 



24,539 
24,641 

24,742 
24,843 
24,944 

25,045 
25,144 
25,244 
25,343 
25,442 



.09 



Feet 
21,291 
21,407 
21,521 
21,636 
21,750 

21,863 

21,97 

22,088 

22,200 

22,312 

22,423 

22,533 
22,643 

22,753 
22,862 

22,971 
23,079 
23,187 
23*294 
23,401 

23,507 
23,614 
23,719 
23,824 

23,929 

24,033 
24,137 
24,241 

24,344 
447 



24,549 
24,651 
24,752 
24,853 
24,944 

25,055 
25,154 
25*254 
25,3531 
25,452! 9 



Diff. 
for 

.oz 



Feet 

12 
II 
12 
IZ 
IZ 

la 

IZ 

la 
II 

IZ 

IX 
IZ 

II 
II 
10 

10 
II 
II 
10 
10 

II 

10 
II 
10 
10 

II 

IZ 
ID 
II 
II 

10 
10 
10 
10 
ID 

II 

10 
10 
10 
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Hundredth of an Inch 



.00 



26.5 
26.6 
26.7 
26.8 
26.9 

27.0 
27.1 
27.2 
27.3 
27.4 

27.6 
27.7 
27.8 
27.9 

28.0 
28.1 
28.2 
28.3 
28.4 

28.5 
28.6 
28.7 
28.8 
28.9 

29.0 
29.1 
29.2 

29.3 
29.4 

29.5 
29.6 

29.7 
29.8 
29.9 

30.0 
30.1 
30.2 
33.3 
30.4 

30.5 
30.6 

30.7 
30.8 

30.9 



Feet 
25,462 
2S 
25 
25 
25 



560 
658 
755 
853 

950 
047 
143 
239 
334 

430 
524 
619 

713 
807 

900 
994 
086 

179 
271 

362 
454 
545 
637 
727 
817 
907 

997 
086 

175 
264 
352 
440 
528 
616 

703 
790 

877 
963 
049 

135 
220 
306 
391 
475 



Feet 
25,472 

25,570 
25,668 
25,766 
25,863 

25,960 
26,057 
26,153 
26, 248 
26,344 

26,439 
26,534 
26,628 
26,723 
26,816 

26,910 

27,003 
27,096 
27,188 
27,280 

27,372 
27,464 

27,555 
27,646 

27,736 

27,826 
27,916 
28,006 
28,095 
28,184 

28,273 
28,361 
28,449 
28,537 
28,624 

28,712 

28,799 
28,885 
28,972 
29,058 

29, 143 
29,229 

29,314 
29,399 
29,484 



.02 



Feet 
25,482 
25,580 
25,678 
25,775 
25,873 

25,970 
26,066 
26,162 
26,258 
26,354 

26,449 
26,543 
26,638 
26,732 
26,826 

26,919 
27,012 
27,105 

27,197 
27,289 

27,381 
27,473 
27,564 
27,655 
27,745 

27,835 
27,925 
28,015 
28,104 
28,193 
28,282 

28,370 
28,458 
28,546 
28,633 

28,720 
28,807 
28,894 
28,980 
29,066 

29,152 
29,237 
29,323 
29,408 

29 > 492 



.03 



Feet 

5,491 
25,590 
25,688 

25,785 
25,882 

25,979 
26,076 
26,172 
26,268 
26,363 

26,458 

26,553 
26,647 
26,741 
26,835 

26,928 
27,022 
27,114 
27,207 
27,299 

27,390 
27,482 

27,573 
27,664 

27,754 

27,844 
27,934 
28,024 
28,113 
28,202 

28,290 

28,379 
28,467 
28,554 
28,642 

28,729 
28,816 
28,903 
28,989 
29,075 
29,160 
29,246 

29,331 
29,416 

29,501 



.04 



Feet 
25,501 
25,600 

25,697 
25,795 
25,892 

25,989 
26,085 
26,181 
26,277 
26,372 

26,468 
26,562 
26,657 

26,751 
26,844 

26,938 
27,031 
27,123 
27,216 
27,308 

27,400 

27,491 
27,582 
27,673 
27,763 

27,853 
27,943 
28,032 
28,122 
28,211 

28,299 
28,388 

28,475 
28,563 
28,651 

28,738 
28,825 
28,911 
28,997 
29,083 

29,169 
29,254 
29,340 
29,424 
29,509! 



.05 



Feet 

25,5" 
25,609 
25,707 
25,805 
25,902 

25,999 
26,095 
26,191 
26,287 
26,382 

26,477 
26,572 
26,666 
26,760 
26,854 

26,947 
27,040 

27,133 
27,225 

27,317 
27,409 
27,500 

27,591 
27,682 
27,772 

27,862 

27,952 
28,041 
28,131 
28,220 

28,308 
28,396 
28,484 

28,572 
28,659 

28,746 
28,833 
28,920 
29,006 
29,092 

29,178 
29,263 
29,348 

29,433 



.06 



Feet 
25,521 
25,619 
25,717 
25,814 
25,9" 
26,008 
26,105 
26,201 
26,296 
26,392 

26,487 
26,581 
26,676 
26,770 
26,863 

26,956 
27,049 
27,142 
27,234 
27,326 

27,418 

27,509 
27,600 
27,691 
27,781 

27,871 
27,961 
28,050 
28,140 
28,228 

28,317 
28,405 

28,493 
28,581 
28,668 

28,842 
28,928 
29,015 

29,100 
29,186 

29,272 
29,357 

-:x,^^^29,44I 

129,518129,5261 



.07 



Feet 

25,531 
25,629 
25,727 
25,824 
25,921 

26,018 
26,114 
26,210 
26,306 
26,401 

26,496 

26,591 
26,685 

26,779 
26,872 

26,966 
27,060 
27,151 
27,243 
27,335 

27,427 
27,518 
27,609 
27,700 
27,790 
27,880 
27,970 
28,059 
28,148 
28,237 

28,326 
28,414 
28,502 
28,589 
28,677 

28,764 
28,851 

28,937 
29,023 
29,109 

29,195 
29,280 

29,365 
29,450 
129,534 



.08 



Feet 
25,541 
25,639 
25,736 
25,834 
25,931 
26,028 
26,124 
26,220 

26,315 
26,411 

26,506 
26,600 
26,694 
26,788 
26,882 

26,975 
27,068 
27,160 
27,253 
27,345 

27,436 

27,527 
27,618 

27,709 
27,799 
27,889 

27,979 
28,068 

28,157 
28,246 

28,335 
28,423 
28,511 
28,598 
28,685 

28,773 
28,859 
28,946 
29,032 
29,118 

29,203 
29,289 
29,374 
29,458 
29,543 



.09 



Feet 
25,550 
25,649 
25,746 
25,844 
25,941 

26,037 
26,133 
26,229 
26,325 
26,420 

26,515 
26,610 
26,704 
26,798 
26,891 

26,984 

27,077 
27,170 
27,262 
27,354 

27,445 
27,537 
27,627 
27,718 
27,808 

27,898 
27,988 
28,077 
28,166 
28,255 

28,343 
28,432 

28,519 
28,607 
28,694 

28,781 
28,868 

28,954 
29,040 
29,126 

29,212 
29,297 
29,382 
29,467 
29,551 



Ditt. 

for 

.01 



Feet 
10 

9 
10 
10 
10 

10 
10 
10 
10 
10 

9 
10 

9 

9 

10 

9 

9 

10 

9 
9 

9 
9 
9 
9 
9 

9 

9 
9 
9 
9 

I 

9 
9 
8 

8 
8 
9 
9 
9 

9 
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TABLE X. STADIA REDUCTIONS. 
(Art. ISO, p. 157.) 
VERTICAL HEIGHTS. 



Mia- 
ntes 


o'' 


I* 


a° 


3° 


4° 


5° 


6** 


7° 


8° 


9^ 


0. . . 


0.00 


1.74 


3-49 


5- 23 


6.96 


8.68 


10.40 


12.10 


13-78 


1545 


2. . . 


0.06 


1.80 


3-55 


5. 28 


7.02 


8.74 


10.45 


12.15 


13-84 


15.51 


4-.. 


0. 12 


1.86 


3.60 


5-34 


7.07 


8.80 


10.51 


12.21 


13-89 


15-56 


6... 


0.17 


1.92 


3.66 


5- 40 


7.13 


8.85 


10.57 


12.26 


13-95 


15.62 


8... 


0.23 


1.98 


3- 72 


5- 46 


7.19 


8.91 


10.62 


12.32 


14.01 


15.67 


xo. .. 


0. 29 


2.04 


3.78 


5-52 


7.25 


8.97 


10.68 


12.38 


14.06 


15-73 


X2. .. 


0.35 


2.09 


3- 84 


5.57 


7' 30 


9.03 


10.74 


12.43 


14.12 


15.78 


X4... 


0.41 


2.15 


3- 90 


5.63 


7.36 


9.08 


10.79 


12.49 


14.17 


15.84 


16... 


0.47 


2.21 


3-95 


5.69 


7.42 


9M 


10.85 


12.55 


14.23 


15-89 


x8... 


0.52 


2.27 


4.01 


5.7s 


7.48 


9.20 


10.91 


12. 6c 


14.28 


15.95 


ao. . . 


0.58 


2.33 


4.07 


S.80 


7-53 


9.25 


10.96 


12.66 


14.34 


16.00 


22... 


0. 64 


2.38 


4- 13 


5.86 


7.59 


9- 31 


11.02 


12.72 


14.40 


16.06 


24... 


0. 70 


2.44 


4.18 


592 


7-65 


9-37 


11.08 


12.77 


14.45 


16. II 


26... 


0.76 


2.50 


4.24 


5.98 


7- 71 


9-43 


II. 13 


12.83 


14.51 


16.17 


28... 


0.81 


2.56 


4.3c 


6.04 


7.76 


9.48 


11. 19 


12.88 


14.56 


16 22 


30... 


0.87 


2.62 


4.36 


6.09 


7.82 


9-54 


11.25 


12.94 


14.62 


16.28 


32... 


0-93 


2.67 


4.42 


6.15 


7.88 


9.60 


11.30 


13.00 


14.67 


16.33 


34... 


0.99 


2.73 


4.48 


6.21 


7-94 


9- 65 


11.36 


13-05 


14.73 


16.39 


36... 


i.cs 


2.79 


4.53 


6.27 


7-99 


9.71 


11.42 


13- II 


14.79 
14.84 


16.44 


38... 


I. II 


2.85 


4.59 


6.33 


8.05 


9-77 


11.47 


13- 17 


16.50 


40... 


1. 16 


2.91 


4.65 


6.38 


8.11 


9- 83 


11.53 


13- 22 


14.90 


16.55 


42... 


1.22 


2.97 


4.71 


6.44 


8.17 


9.88 


"59 


13.28 


14-95 


16.61 


44..- 


1.28 


3.02 


4.76 


6.50 


8.22 


9-94 


11.64 


13.33 


15.01 


16.66 


46... 


1.34 


3.08 


4.82 


6.56 


8.28 


10.00 


11.70 


13-39 


15.06 


16.72 


48... 


1.40 


3- 14 


4.88 


6.61 


8.34 


10.05 


11.76 


13-45 


15.12 


^^/V 


50... 


1-45 


3.20 


4-94 


6.67 


8.40 


10. II 


II. 81 


13-50 


15-17 


16.83 


5a... 


I-5I 


3.26 


4-99 


6.73 


8.45 


10.17 


11.87 


13-56 


IS- 23 
15.28 


16.88 


54... 


1.57 


331 


5.0s 


6.79 


8.51 


10.22 


11.93 


13.61 


16.94 


56... 


1-63 


3-37 


5.11 


6.84 


8.57 


10.28 


11.98 


13-67 


15-34 


16.99 


58... 


1.69 


3-43 


5-17 


6.90 


8.63 


10.34 


12.04 


13-73 


15-40 


17.05 


60... 


1-74 


3-49 


5-23 


6.q6 


8.68 


10.40 


12. 10 


13. 78 


15-45 


17. 10 



Horizontal Corrections 



Dist. 


0^ 


x° 


2° 


3" 


4° 


5° 


6« 


7° 


8*» 


9" 


100.. 


0.0 


0.0 


0. I 


0.3 


0.5 


0.8 


I.I 


1.5 


1.9 


2.5 


aoo. . 


0.0 


O.I 


0.2 


0. 5 


1.0 


1-5 


2.2 


3.0 


^*2 


4.9 


300.. 


0.0 


0. 1 


0.4 


0.8 


1.5 


2.3 


3-3 


I'S 


5-2 


^i 


400.. 


0.0 


O.I 


0.5 


I.I 


2.0 


3.0 


4.4 


6.0 


7.8 


9.8 


500.. 


0.0 


0.2 


0.6 


1.4 


2.5 


3-8 


5-5 


1:1 


^'l 


12.3 


600.. 


0.0 


0.2 


0.7 


1.6 


2.9 


4.6 


6.5 


II. 6 


X4.7 


700.. 


0.0 


0.2 


0.8 


1.9 


3-4 


5.3 


7-6 


10.4 


13.6 


17.2 


800.. 


0.0 


0.2 


I.O 


2. 2 


3-9 


6.1 


8.7 


II. 9 


15.5 


19.0 


9oo.. 


6.0 


0.3 


I.I 


2.4 


4.4 


6.8 


9-8 


13-4 


17.5 


22.1 


xooo. . 


0.0 


0.3 


1.2 


2.7 


4.9 


7.6 


10.9 


14.9 


19.4 


24. 5 
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TABLE X. STADIA REDUCTIONS. 
VERTICAL HEIGHTS. 



Hin. 
ntes 


iqO 


XX* 


xa^* 


13^ 


14" 


15° 


x6° 


17° 


x8» 


19^ 


o. . , 


17. 10 


18.78 


20.34 


21.92 


23.47 


25.00 


26.50 


27. 9C 


29.39 


30.78 


2. .. 


17.16 


20.39 


21.97 


23.52 


25.05 


26.55 


28.01 


29.44 


30.83 


4... 


17.21 


18.84 


20.44 


22.02 


23.58 


25.10 


26.59 


28. oe 


29.48 


30.87 


6... 


17.26 


18.89 


20.50 


22.08 


23.63 


25.15 


26.64 


28. IC 


29. 53 


30.92 


8... 


17-32 


18.95 


20.55 


22. 13 


23.68 


25.20 


26. 69 


28.15 


29.58 


30.97 


zo... 


17-37 


19.00 


20.6c 


22.18 


23.73 


25-25 


26.74 


28.2c 


29.62 


31.01 


12.,. 


17.43 
17.48 


19.05 


20.66 


22.23 


23.78 


25.30 


26.79 


28.25 


29.67 


31.06 


14... 


19. II 


20.71 


22.28 


23.83 


25.35 


26.04 


28.3c 


29.72 


31.10 


x6... 


17.54 


19. 16 


20.76 


22.34 


23.88 


25.40 


26.89 


28.34 


29.76 


31.15 


x8... 


17. 59 


19.21 


20.81 


22.39 


23.93 


25.45 


26.94 


28.39 


29.81 


31.19 


30... 


17.65 


19.27 


20. 87 


22.44 


23.99 


25.50 


26.99 


28.44 


29.86 


31.24 


aa. .. 


17.70 


19.32 


20.92 


22.49 


24.04 


25.55 


27.04 


28.49 


29.90 


31.28 


24... 


17.76 


19.38 


20.97 


22.54 


24.09 


25.60 


27.09 


28.54 


29.95 


3^-33 
31.38 


26.. 


17.81 


19.43 


21.03 


22.60 


24.14 


25.65 


27.13 


28.58 


30.00 


28... 


17.86 


19.48 


21.08 


22.65 


24.19 


25.70 


27.18 


28.63 


30.04 


31.42 


30... 


17.92 


19.54 


21.13 


22. 70 


24.24 


25.75 


27.23 


28.68 


30.09 


31.47 


32... 


17.97 


19.59 


21.18 


22.75 


24.29 


25.80 


27.28 


28.73 


30.14 


31-51 


34... 


18.03 


19.64 


21.24 


22.80 


24.34 


25- 85 


27.33 


28.77 


30.19 


31.56 


36... 


18.08 


19.70 


21.29 


22.85 


24.39 


25.90 


27.38 


28.82 


30. 23 


31.60 


38... 


18.14 


19.75 
19.80 


21.34 


22.91 


24.44 


25.95 


27.43 


28.87 


30.28 


31.65 


40... 


18.19 


21.39 


22.96 


24.49 


26.00 


27.48 


28.92 


30.32 


31.69 


42... 


18.24 


19.86 


21.45 


23.01 


24. 55 


26.05 


27.52 


28.96 


30.37 


31.74 


44... 


18.30 


19.91 


21.50 


23.06 


24.60 


26. 10 


27.57 


29.01 


30.41 


31.78 


46... 


18.35 


19.96 


21.55 


23.11 


24.65 


26. 15 


27.62 


29.06 


30.46 


31.83 


, 48... 


18.41 


20.02 


21.60 


23.16 


24.70 


26.20 


27.67 


29,11 


30.51 


31.87 


' 50... 


18.46 


20.07 


21.66 


23.22 


24.75 


26.25 


27.72 


29.15 


30.55 


31.92 


52... 


18.51 


20. 12 


21.71 


23.27 


24.80 


26.30 


27.77 


29. 20 


30.60 


31.96 


54. . 


18.57 


20.18 


21.76 


23- 32 


24.85 


26.35 


27.81 


29.25 


30.65 


32.01 


56... 


18.62 


20.23 


21.81 


23.37 24.901 


26.40 


27.86 


29.30 


30.6c 


32.05 


58... 


18.68 


20.28 


21.87 23.42 24.95 


26.45 


27.91 


29. 34 


30.74 


32.09 


60... 


18.73 


20.34 


21.92 23.47 25.00 


26.50 


27 96 


29.39 


30.7? 


32. 14 



Horizontal Corrections 



DiBt. 


10° 


IX° 


xa*» 


13^ 


14° 


15" 


16° 


17° 


x8* 


19° 


100. . 


3-0 


3.6 


i'l 


5.1 


5-9 


6.7 


7.6 


8.5 


9 5 


10.6 


200. . 


6.0 


7.3 


8.6 


lO. I 


11.7 


13.4 


'5-?. 


17.1 


19.1 


21.2 


300.. 


9.1 


10.9 


13.0 


15.2 


17.6 


20. 1 


22.8 


25.6 


28.6 


31.8 


400.. 


12.1 


14.6 


17.3 


20.2 


23.4 


26.8 


30.4 


34.2 


38.2 


52.4 


500.. 


15- 1 


18.2 


21.6 


25-3 


29- 3 


33-5 


38.0 


42.7 


47-7 


43.0 


600.. 


18.1 


21.8 


25- 9 


30.4 


35- 1 


40.2 


45.6 


51.3 


57.3 


63.6 


700. . 


21. 1 


25.5 


30.2 


35.4 


41.0 


46.9 


53-2 


.59.8 


66.8 


84! 8 


800.. 


24.2 


29.1 


34.6 


40.5 


46.8 


53.6 


60.8 


68.4 


76.4 


9oo.. 


27.2 


32.8 


38.9 


45-5 


52.7 


60.3 


68.4 


76.9 
85.5 


8.5.9 


95.4 


1000.. 


.^0.2 


^6.4 


4.^.2 


50.6 


58.5 


67.0 


76.0 


95 5 


106.0 



4o6 



TABLE X. STADIA REDUCTIONS. 
VERTICAL HEIGHTS. 



Min- 
utes 


ao° 


ai*» 


aa° 


as" 


24° 


15° 

• 


a6« 


27° 


28° 


29*> 


0.. . 


32.1. 


33-4^ 


34.73 


35-97 


37.16 


38.30 


39-40 


40.45 


41.45 


42.40 


3.. . 


32. iJ 


33- 5c 


34.77 


36.01 


37.20 


^l-H 


39-44 


40.49 


41.48 


42.43 


4... 


32- 23 


33-54 


34.82 


36.05 


37.23 


38.38 


39.47 


40.52 


41.52 


42.46 


6... 


32.27 


33.59 


34.86 


36.09 


37.27 


38.41 


39.51 


40.55 


41.55 


42.49 


8... 


32.32 


33-63 


34.90 


36.13 


37.31 


38.45 


39. 54 


40.59 


41.58 


42.53 


10.. . 


32.36 


33- 67 


34.94 


36.17 


37.35 


38.49 


39.58 


40.62 


41.61 


42.56 


12... 


32.41 


33-72 


34.98 


36.21 


37.39 


38.53 


39- 61 


40.66 


41.65 


42.59 


14... 


32.45 


33-76 


35-02 


36.25 


37.43 


38.56 


39.65 


40.69 


41.68 


42. 62 


i6... 


32.49 


73.80 


35-07 


36. 2g 


37.47 


38.60 


39.69 


40.72 


41.71 


42.65 


i8... 


32-. 5J 


33-84 


35-11 


36.33 


37.51 


38.64 


39- 72 


40.76 


41.74 


42.68 


20. .. 


32.5^ 


33.89 


35-15 


36.37 


37-54 


38.67 


39.76 


40.79 


41.77 


42.71 


22. . . 


32.63 


33-93 


35- 19 


36.41 


37.58 


38.71 


39-79 


40.82 


41.81 


42.74 


24... 


32.67 


33-97 


35-23 


36.45 


37.62 


38. 75 


39-83 


40.86 


41.84 


42.77 


26... 


32.72 


34.01 


35 27 


36.49 


37.66 


38.78 


39-86 


40.89 


41.87 


42.80 


28... 


32.76 


34.06 


35.31 


36.53 


37.70 


38.82 


39- 90 


40.92 


41.90 


42.83 


30... 


32.80 


34.10 


35.36 


36.57 


37.74 


38.86 


39-93 


40.96 


41.93 


42.86 


32... 


32.85 


34.14 


35-40 


36.61 


37-77 


38.89 


39.97 


40.99 


41.97 


42.89 


34... 


32.89 


34. 18 


35-44 


36.65 


37-81 


38.93 


40.00 


41.02 


42.00 


42.92 


36... 


32.93 


34.23 


35- 48 


36.69 


37-85 


38.97 


40.04 


41.06 42.03 


42.95 


38... 


32.98 


34.27 


35- 52 


36.73 


37-89 


39.00 


40.07 


41.09 42.06 


42.98 


40... 


33- 02 


34.31 


35.56 


36.77 


37-93 


39-04 


40. II 


41.12 42.09 


43.01 


42... 


33- 07 


34.35 


35-60 


36.80 


37-96 


30.08 


40.14 


41.16 42.12 


43.04 


44... 


33- II 


34.40 


35-64 


36.84 


38.00 


39-11 


40. 18 


41.19, 42.15 


43.07 


46... 


33' 15 


34.44 


35-68 


36.88 


38.04 


39. 15 


40.21 


4I.22I 42. 19 


43- 10 


48... 


33- 20 


34.48 


35.72 


36.92 


38.08 


39-18 


40.24 


41.26, 42.22 


43- 13 


50... 


33- 24 


34.5^ 


35- 76 


36.96 


38.11 


39.22 


40.28 


41.29 42.25 


43.16 


52... 


33.28 


34.57 


35- 80 


37.00 


38. 15 


39.26 


40.31 


41.32; 42.28 


43.18 


54... 


33-33 


34.61 


35.85 


37.04 


38.19 


39-29 


40. 35 


4I.35I 42.31 


43.21 


56... 


33 37 


34. 65 


35-89 


37.08 


38. 23 


39.33 


40.3^ 


41.39, 42.34 


43.24 


58... 


33-41 


34. 6q 


35-93 


37- 12 


38 26 


39.36 


40.42 


41.42; 42.37 


43.27 


60... 


3^-46 


.VI- 7^ 


35- 07 


37.16 


38.30 


30.40 


40.45 


41.45 42.40 


43-30 


Horizontal Corrections 


Dist. 


20° 


21° 


22^ 


a3° a4° 

! 


a5° 


26- 


27° 


28° 


29° 


100. . 


II. 7 


12.8 


14.0 


15.3 


16.5 


17-9 


19.2 


20.6 


22.0 


23 5 


200. . 


23-4 


25-7 


28.1 


30.5 


33-1 


35.7 


38.4 


41.2 


44.1 


47.0 


300.. 


35-1 


38.5 


42.1 


45.8 


49.6 


53-6 


57.7 


61.8 


66.1 


70.5 


400.. 


46.8 


51.4 


56.1 


61. 1 


66.2 


71-4 


76.9 


82.4 


88.2 


94.0 


500.. 


58.5 


64.2 


70.2 


76. .^ 


82.7 


89-3 


96. 1 


103. 1 


no. 2 


117.5 


600.. 


70.2 


77.0 


84.2 


gi.( 


99.2 


107. 2 


115. 3 


123.7 


132.2 


141. 


700. . 


81.9 


89.9 


98.2 


106. c 


115. 8 


125.0 


134.5 


144.3 


154.3 


^oi-5 


800.. 


93-6 


102. 7 


112. 2 


122. 2 


132.3 


142.9 


153.8 


164.9 


176.3 


188.0 


9oo.. 


105.3 


115. 6 


126.3 


137.4 


148.9 


160. 7 


173.0 


185-5 


198.4 


211. 5 


xooo. . 


117. 


128.4 


140. 3 


152.7 


16';. 4 178. 61 IQ2.2 


206. 1 


220.4 


2.V'?.0 



407 



TABLE XI. VALUES OF C FOR USE IN THE CHEZY FORMULA 

(Art. a86, p. 315-) 



Slope 




n 


n 


n 


n 


n 


ff 


n 


ff 


H 


r 


.020 


.025 


.030 


.035 


.040 


.045 


.050 


.055 


.060 




(3-2S 


91 


73 


60 


52 


46 


40 


36 


33 


30 




10 
20 


III 


92 


78 


69 


62 


55 


S*" 


46 


42 


.0001 


122 


102 


89 


79 


i; 


65 


60 


55 


51 




SO 


134 


114 


100 


^l 


l^ 


71 


67 


63 




I. 100 


140 


121 


108 


98 


91 


84 


79 


74 


70 




' 10 


108 


89 


It 


67 


60 


53 


49 


45 


41 


.0002 


20 


117 


98 


g 


68 


6i 


57 


53 


49 


50 


126 


108 


94 


l^ 


71 


66 


62 


5^ 




. 100 


131 


"3 


99 


90 


83 


77 


72 


68 


64 




' 10 


107 


88 


11 


66 


59 


53 


48 


44 


41 




20 


"5 


96 


73 


66 


60 


55 


51 


48 


.0004 


50 


123 


104 


91 


82 


R 


68 


U 


59 


56 




. 100 


127 


108 


96 


87 


73 


64 


61 




10 


105 


87 


2^ 


65 


58 


52 


47 


44 


40 


.0010 


20 


"3 


94 


81 


72 


65 


§? 


§^ 


50 


47 




50 


120 


101 


89 


79 


72 


66 


61 


57 


54 




, 100 


124 


105 


94 


85 


77 


71 


66 


62 


59 




10 


los 


86 


l^ 


65 


5» 


51 


47 


43 


40 


.010 


20 


112 


93 


80 


71 


64 


58 


53 


49 


46 


50 


119 


100 


87 


78 


71 


65 


60 


56 


S3 




, 100 


122 


104 


91 


82 


75 


69 


65 


61 


58 



Note. — For r =» 3.28 feet, n constant, C is constant for all values of slope. 
For slopes greater than o.oi, or fall of 52.8 feet per mile, C remaiiis nearly 
constant. 

From " River Discharge,'* by Hoyt and Giover. 
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TABLE XII. HAMILTON SMITH'S COEFFICIENTS FOR WEIRS 
WITH CONTRACTION SUPPRESSED AT BOTH ENDS, FOR USE 
IN THE FORMULA Q - chH^. 

(Art. 309, p. 328) 



H ^ head i 
feet 



O.I. . 

.15 
.3. . 

.3.. 

A- 



:I: 

.9. 
i.o. 
I.I. 
1.2. 

1.3. 
1.4. 

\%\ 

1.7. 
3.0. 



h a lensrth of weir, in feet 



19 



3-515 
3 440 
3-397 
3-371 
3-349 
3 322 

3 306 
3-312 
-312 
•317 
■317 
.322 

_.328 



15 



3-515 

3-445 
3 403 
3-376 
3-354 
3 328 
3-317 
3-312 

3-3^7 
3-3x7 
3 322 
3.328 
3 333 
3-338 
3-344 
3.344 
3.349 
3.349 



10 



3-520 
3-445 
3.408 

3-381 
3-360 
3-333 
3.322 
3-317 
3.317 
3-322 
3-328 
3.338 
3.344 
3 -340 
3 360 
3 365 
3.371 
3 -376 
3.3'^i 



3-520 

3-451 
3.408 

3-386 
3-365 
3 -344 
3-338 
3-333 
3 338 
3-344 
3-354 
3 360 
3-371 
3.381 
3.386 
3-392 
3.403 
3.408 

3-413 



3 526 
3.451 
3.413 
3.392 
3.376 
3 360 
3.354 
3-354 
3-360 
3-365 
3 -375 
3.386 
3-397 
3-403 
3.413 
3.424 
3-429 
3.435 



3-461 
3.429 
3.403 
3.386 
3.371 
3-371 
3-371 
3.376 
3-386 

3-397 
3.408 

3.419 
3-429 
3 440 
3-445 

3-456 
3.461 



3* 



3-472 
3.435 
3.413 
3.403 
3.386 
3.386 
3-392 

3-397 
3.408 
3.418 
3.429 
3.445 
3.456 
3 467 



T 



3.488 
3-450 
3-429 
3.418 
3 403 
3-408 

3.413 
3.424 
3.441 
3.451 
3.467 



0.66* 



3. 611 
3. 542 
3.510 
3-494 
3.483 
3.478 
3.478 
3-483 
3.494 
3-510 



* Approximate. 
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TABLE XIII. HAMILTON SMITH'S COEFFICIENTS FOR WEIRS 
WITH TWO COMPLETE END CONTRACTIONS, FOR USE IN 
THE FORMULA Q,^cbHi. 

(Art. 309, p. 328.) 



H = head 
in feet 


b = length of weir, in feet 


0.66 

3-381 
3-312 
3-26(> 

3 237 
3-215 
3-183 
3-156 
3 140 
3-130 


I* 

3-419 
3.344 
3 306 
3-274 
3-253 
3-215 
3.189 

3-172 
3-156 


2 

3 456 
3 -392 
3-349 
3 322 
3-296 
3-258 
3 237 
3-215 
3-199 
3-183 
3-167 
3 156 
3.140 
3-130 
3-II4 
3-103 


2.6 

■ 

3 478 
3.408 

3 365 
3-333 
3 306 
3-274 
3-247 
3-231 
3.210 

3-199 
3.189 
3-172 
3.162 

3-151 
3-135 
3124 
3 -"4 
3-103 


3 

3-488 
3-413 
3-371 
3-338 
3-312 
3-280 

3-253 
3-237 
3.226 

3-215 
3-199 
3-183 
3-172 
3.162 

3-151 
3-140 
3-130 
3-"4 


4 

3-494 
3-419 
3-376 
3-344 
3-322 
3.285 
3-264 
3-247 
3-231 
3.221 
3.210 
3.199 
3.189 
3.178 
3.167 
3.156 
3 .151 
3-140 


5 

3-494 
3 424 
3-376 
3-349 
3-322 
3-290 
3-269 
3-253 
3-242 

3-231 
3 226 

3-215 
3-205 
3-194 
3-199 
3-X78 
3-167 
3.162 


7 

3-499 
3-424 
3-381 
3-354 
3 333 
3-301 
3.280 
3-269 
3-258 
3.247 
3.242 

3-231 
3.226 

3.215 
3.205 
3.199 
3.189 
3-183 
3-178 


10 


15 


19 


O.I 

.15 

.3 

.25 

.3 

-♦ 

i 


3-504 
3-429 
3-386 
3-360 
3 33^ 
3 -306 
3 -290 
3 -280 
3 -274 
3 -269 
3-258 
3 -253 
3 242 

3 -237 
3-231 
3.221 

3-215 
3 -210 
3 205 


3.504 
3 -435 
3 392 
3-360 
3-338 
3-312 

3-295 
3.285 
3.280 
3 -274 
3 -269 
3 .264 
3.258 
3.253 
3 .247 
3.242 
3.237 
3 .231 
3 .226 


3.510 
3 .435 
3 392 
3.365 
3-344 
3-317 
3.301 
3.290 
3.285 
3.280 

3.269 
3.264 
3.264 
3 258 
3-258 
3-253 
3-247 
3-247 


.0 






1 ,0 






I.I 






1.2 






I. a 






1 .4 






I .< 




1.6 






1 .7 






2.0 


1 














'1 















* Approximate. 
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TABLE XIV. LENGTHS OF DEGREES OF THE MERIDIAN.* 

(Art. 339. p. 35 5.) 



Lati- 
tude 


Meters 


Lati- 
tude 


Meters 


Lati- 
tude 


Meters 


O^' 


no 567.2 


30- 


1 10 848.5 


6o«> 


"1 414.5 


I 


567.6 


31 


865.7 


61 


431.5 


2 


568.6 


32 


883.2 


63 


448.2 


3 


570.3 


33 


901 .1 


$^ 


464.4 


4 


5727 


34 


919.2 


64 


480.3 


5 


575.8 


35 


937.6 


S 


495-7 


6 


579.5 


36 


956.2 


66 


510.7 


7 
8 


583.9 


s 


975-1 


U 


525-3 


589.0 


no 994.1 


539 .3 


9 


594.7 


39 


m 013.3 


69 


552.9 


lO 


601 .1 


40 


032.7 


70 


565.9 
578.4 


II 


608.1 


41 


052.2 


71 


13 


615.8 


42 


071.7 


72 


590.4 


13 


624.1 


43 


091.4 


73 


601,8 


14 


^33 


44 


III .1 


74 


612.7 


15 


642.5 


45 


130.9 


75 


622.9 


i6 


652.6 


46 


150.6 


76 


632.6 


^1 


663.3 


^1 


170.4 


^ 


641.6 


i8 


674.5 


48 


190. 1 


650.0 


19 


686.3 


49 


209.7 


79 


657.8 


20 


698.7 


50 


229.3 


80 


664.9 


21 


711 .6 


51 


248.7 


81 


671.4 


22 


725-0 


52 


268.0 


82 


677.2 


23 


738.8 


53 


287.1 


!^ 


682.4 


24 


753-2 


54 


306.0 


84 


686.9 


25 


768.0 


p 


324.8 


85 


690.7 


26 


783.3 


343-3 


86 


693-8 


27 


799.0 


ii 


361.5 


87 


696.2 


28 


815. 1 


379.5 


88 


697 -9 


29 


831.6 


59 


397.2 


89 


699.0 


30 


no 848.5 


60 


III 414.5 


90 


III 699.3 



* These lengths of a degree of the meridian extend o** 30' north and 0° 30' south of 
the given latitude. 
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TABLE XVI. COORDINATES OF CURVATURE. 

(Art. 339. p. 355.) 











Latitudes. 








Long. 


26« 




27° 




28° 




29° 






X 


Y 


X 


Y 


X 


y 


X 


Y 


X' 


1668.7 


0.1 


1654 .3 


0.1 


1639 4 


0.1 


1624 .0 


0.1 


2 


3337 -3 


0.4 


3308.5 


0.4 


3278.8 


0.4 


3248 .0 


0-5 


3 


5006.0 


I .0 


4962 .8 


I .0 


4918.2 


1 .0 


4872 .0 


I .0 


4 


6674.6 


1.7 


661 7. J 


1-7 


6557 .6 


1.8 


6496.1 


1.8 


5 


^ZAl .3 


2.7 


8271 .4 


2.7 


8197 


2.8 


8120. 1 


2.9 


6 


lOOII .9 


3.8 


9925 -7 


3-9 


983^^.4 


4.0 


9744-1 


4-1 


7 
8 


11680.6 


Sf 


"579-9 


5-4 


"475-7 


5-5 


"368.1 


5.6 


13349 a 


6.8 


13234.2 


7.0 


i3"5i 


7-2 


12992 .1 


7-3 


9 


15017.9 


8.6 


14888.5 


8.8 


14754.5 


91 


14616.1 


9 3 


xo 


16686.6 


10 .6 


16542 .8 


10.9 


16393 -9 


II .2 


1 6240. 1 


"•5 


Long. 


30° 


31° 


32° 


33° 


I' 


1608. 1 


0.1 


1591 .8 


0.1 


1574.9 


0.1 


1557-6 


0.1 


2 


3216.3 


05 


3183 .5 


0.5 


3149 -8 


0-5 


3"5-2 


0.5 


3 


4824 .4 


1 .1 


4775 .3 


I .1 


4724.8 


1 .1 


4672 .8 


1 .1 


4 


6432 .6 


1-9 


6367.1 


1.9 


6299.7 


1-9 


6230 .3 
7787 .9 


2 .0 


5 


8040.7 


2.9 


7958 .9 


30 


7874.6 


30 


31 


6 


9648 .8 


4.2 


9550.6 


^l 


9449-5 


4.4 


9345 -5 


4.4 


I 


11257.0 


5-7 


1 1 142 .4 


5-8 


1 1024 .4 


6.0 


10903. 1 


6.0 


12865. 1 


7.5 


12734.2 


7.6 


12599-4 


7? 


12460.7 


7-9 


9 


14473 -2 


9-5 


14325 -9 


9.7 


14174.3 


9.8 


14018.3 


10 .0 


lO 


16081.4 


II. 7 


159177 


II. 9 


15749-2 


12 .1 


15575 .9 


12.3 


Long. 


34° 


35° 


36° 


37° 


I' 


IS39 .8 


0.1 


1521.5 


0.1 


1502 .8 


0.1 


1483 .6 


0.1 


2 


3079 .6 


0.5 


3043 


0.5 


3005.5 


05 


2967.1 


0.5 


3 


4619 .3 


I.I 


4564 .5 


1 .1 


4508.3 


1 .2 


4450.7 


1 .2 


4 


6159. 1 


2 .0 


6086.0 


2 .0 


6011 .1 


2.1 


5934 .2 


2.1 


5 


7698.9 


31 


7607.5 


3-2 


7513-8 


3-2 


7417.8 


3.3 


6 


9238 .7 


4.5 


9129.0 


4.6 


9016-6 


4.6 


8901.4 


4-7 


7 


10778 .5 


6.1 


10650 .5 


6.2 


105 19 .3 


^3 


10384.9 


6.4 


8 


13858 .0 


8.0 


12172 .0 


8.1 


12022 .1 


8.2 


1 1868 .5 


8.3 


9 


10. 1 


13693 .5 


10.3 


13524 .8 


10.4 


13352 .1 
14835 -6 


10 .5 


lO 


15397 .9 


12.5 


152150 


12 .7 


15027 .6 


12.8 


13 
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TABLE XVI. COORDINATES OF CURVATURE. 

(Art. 339, p. 3 55.) 





Latitudes. 


Long. 


38° 




39° 




40° 




41° 






X 


Y 


X 


Y 


X 


Y 


X 


Y 


I' 


1463 .9 


.1 


1443 -8 


.1 


1423 .3 


0.1 


1402 .3 


0.1 


3 


2927.8 


0.5 


.2887.6 


0.5 


2846.5 


0.5 


2804.6 


0.5 


3 


4391 -7 


I .2 


4331 -4 


I .2 


4269.8 


I .2 


4206 .9 


I .2 


4 


5855 -6 


2 .1 


5775-2 


2 .1 


5693 


2 .1 


5609.2 


2.1 


5 


7319 -6 


3-3 


7219.0 


3 3 


7116.3 


3 3 


701 1. 5 


11 


6 


8783 -5 


4.7 


8662 .9 


4.8 


8539 -6 


4.8 


8413 -7 


I 


10247 .4 


6.4 


10106.7 


6.5 


9962 .8 


6.5 


9816.0 


6.6 


11711.3 


8.4 


11550-5 


8.5 


I 1386. I 


8.5 


11218.3 


8.6 


9 


13175-2 


10 .6 


12994.3 


10.7 


12809.3 


10.8 


12620 .6 


10.8 


lO 


14639. I 


13 I 


14438 I 


13-2 


14232 .6 


13.3 


14022 .9 


13-4 


Long. 


42° 


43-* 


44° 


45° 


I' 


1380.9 


0.1 


1359-1 


0.1 


1336.8 


0.1 


1314.1 


0.1 


3 


2761 .8 


0.5 


2718. 1 


0.5 


2673 .6 


0.5 


2628 .3 


0.5 


3 


4142.7 


1 .2 


4077 .2 


1 .2 


4010 .4 


I .2 


3942 .5 


1 .2 


4 


5523 -5 


2 .2 


5436.2 


2 .2 


5347 -2 


2 .2 


5256.6 


2 .2 


5 


6904.4 


3-4 


6795 -3 


3-4 


6684.0 


3-4 


6570.8 


3-4 


6 


8285 .3 


4.8 


8154-3 


4.9 


8020.8 


4.9 


7884 .9 


4.9 


I 


9666.2 


6.6 


9513 -4 


6.6 


9357.7 


6.6 


9199. 1 


6.6 


1 1047. 1 


8.6 


10872 .4 


8.6 


10694 .5 


8.6 


10513.2 


8.6 


9 


12428 .0 


10.9 


12231 .5 


10.9 


12031 .3 


10.9 


11827.4 


10.9 


lO 


13808 .8 


13-4 


13590 -5 


13 -5 


13368. I 


13 -5 


13141 .5 


13-5 


Long. 


46- 


47° 


48° 


49° 


I' 


1291 .1 


0.1 


1267.6 


0.1 


1243.8 


0.1 


1219.6 


0.1 


2 


2582 .2 


05 


2535 -3 


0.5 


2487 .6 


0.5 


2439 I 


0.5 


3 


3873 -3 


I .2 


3802.9 


1 .2 


3731 .4 


1.2 


^358 -7 


1.2 


4 


5164 .4 


2 .2 


5070 .5 


2 .2 


4975 .2 


2.1 


4878.3 


2 .1 


5 


6455 -5 


3 4 


6338.2 


3-4 


6219 .0 


3.3 


6097.9 


3-3 


6 


7746.6 


4.9 


7605.8 


4.8 


7462 .8 


4-8 


7317.5 


4.8 


I 


9037 .6 


6.6 


8873-5 


6.6 


8706 .6 


6.6 


8537 


6.6 


10328.7 


8.6 


10141 .1 


8.6 


9950.4 


8.6 


9756.6 


8.6 


9 


11619.8 


10.9 


1 1408 .7 


10.9 


1 1 194 .2 


10.9 


10976.2 


10.8 


lO 


12910.9 


13.5 


12676.4 


13-5 


12437 -9 


13-4 


12195 .8 


13 -4 
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TABLE XVII. COORDINATES OF CURVATURE. 

(Art. 339, p- 3SS.) 



Long. 






Latitudes 


. 


















25° 




30° 




35^ 




X 


y 


X 


Y 


X 


Y 


5° 


504 645 


9 307 


482 288 


10 523 


456 261 


II 421 


lO 


I 008 603 


37 215 


963 658 


42 074 


9" 379 


45 656 


15 


I 511 190 


83685 


I 443 193 


94 591 


I 364 214 


102 619 


30 


2 on 722 


148 656 


I 919 982 


167 977 


I 813 632 


182 168 


35 


2 509 518 


232 038 


2 393 "6 


262 089 


2 258 507 


284 102 


30 


3 003 900 


333 718 


2 861 694 


376 749 


2 697 724 


408 168 



Long. 


40° 




45" 


5o« 


5" 


426 757 


II 972 


393 996 


12 


160 


358 224 


II 978 


10 


852 171 


47 852 


786 492 


48 


594 


714 847 


47 859 
107 482 


15 


I 274 904 


107 525 


I 175 994 


109 


162 


I 068 277 


20 


I 693 628 


190 805 


I 561 019 


193 


635 


I 416 934 


190 581 


25 


2 107 023 


297 430 


I 940 103 


301 


690 


I 759 262 


296 785 


30 


2 513 790 


427 063 


2 311 802 


432 


918 


2 093 731 


425 619 
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Greek 


Alphabet. 


LETTERS 


NAMB 


A,o, 


Alpha 


B,)8. 


Beta 


r,y, 


Gamma 


A, 8. 


Delta 


E,<, 


Epsilon 


z,{, 


Zeta 


H, rj. 


Eta 


®,0, 


Theta 


I,t. 


Iota 


K, K, 


Kappa 


A,X, 


Lambda 


M,,!, 


Mu 


N,v, 


Nu 


H,f 


Xi 


0,0, 


Omicron 


n, IT, 


Pi 


P.P, 


Rho 


2, 0-, 9, 


Sigma 


T,r, 


Tau 


Y,v, 


Upsilon 


*,*. 


Phi 


X> X. 


Chi 


*. «A. 


Psi 


n, 0., 


Omega 
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APPENDIX A. 

The following specifications are introduced to give the student more definite 
information as to what is required in topographical surveys for landscape 
architects* studies. These specifications are not intended to be included in 
every contract, but portions of them may be cut out or other specifications 
added to suit the requirements of any special case. 

SPECIFICATIONS FOR TOPOaRAPHICAL MAP. 

ON SCALE OF 40 FEET TO AN INCH .• 

1. Purpose of the map. 

The purpose of the map is to aid the landscape architect in designing 
proposed improvements. Therefore it is important to show on it many objects 
which \^ould receive little or no consideration in designing purely engineering 
works. One class of such objects, of no value in themselves, such as old fence 
lines and the wild growths along them, old buildings, cart roads, trails, limits of 
cultivated land, dense masses of brushes or coppice, limits of marshy ground 
as indicated by the kind of vegetation, etc., are needed (a) to aid in identifying 
on the map one's position on the ground or to rapidly and approximately 
locate on the ground certain lines drawn on a sunprint of the map. Another 
class of objects, such as good trees, ledges, etc., are needed both for the above 
reason (a), and also because (6) the objects may be worth preserving as 
features of the landscape so that proposed improvements, such as drives and 
walks, grading and planting, may have to be adjusted to them. For the same 
reasons contours should show, approximately, minor irregularities of the 
surface, such as hollows, summits, cuts and embankments along roads and 
watercourses, accumulations of earth along the lower margins of old fields, 
little gullies, and ridges and terraces. 

2. Cross Sectioning. 

Unless otherwise directed, cross section lines 200 feet apart are to be 
surveyed on the ground with the transit and tape and points located thereon 
100 feet apart at the comers of a system of 100-foot squares, and the remaining 
comers of the cross section squares are to be located with the stadia or by pac- 

* The authors arc indebted to Olmsted Brothers, Brookline, Mass., for per- 
mission to print the above specifications. 
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ing and sighting, and all cnraers are be to marked, except in roads or where 
impracticable by strong stakes of heart of red cedar, or cypress, or heart of 
locust one and three-fourths inches square and eighteen inches long, with their 
tops one inch above the surface. Where it will not interfere with the use of the 
land, as in pastures and woodland, an additional sawed stake is to be strongly 
set at each cross section stake so as to show two feet above the groimd. The 
cross section lines and stakes are to be lettered and numbered, and each cross 
section stake, after it has been driven, is to have nailed upon its top with two 
one-mch hard brass wire nails a brass label of No. a8 hard sheet brass, one 
and one-half inches by one inch, upon which are to be stamped with proper 
hard steel diesi or punches, letters and numbers one-quaiter of an inch high, to 
be placed so as to read in the properdirection, and the corresponding letters and 
numbers are to be indicated on the map. The cross section system is to be 
thoroughly referenced to permanent points or objects so that the system can be 
accurately and readily reproduced after stakes have disappeared. 

3. Instrument Stattons and Traverse Lines. 

If cross section squares are not required the instrument stations and 
points 100 feet apart on all base lines, and traverse lines, also triangulation, 
plane-table, stadia, and transit stations, are to be staked as above, and all 
such stakes and corresponding points on the map are to be lettered and 
numbered and labelled as above. When points to be marked come on ledges 
or large boulders, drill holes or V cuts witnessed by stones are to be substituted 
for stakes. 

4. Boundaries. 

Locate boundaries both as indicated by existing landmarks and as called 
for by recorded deeds. Wherever these boundaries do not agree, the surveyor 
is to stake and show on the map the boundary which he advises should be 
adopted. Where there are slight angles in a boundary, the turning point is 
to be indicated on the map by a dot in a small drde. 

5. Boundary and Other Roads. 

Show by full lines all existing railroads, roads and private rights-of-way 
bounding upon, leading to or within the property. Indicate travelled ways, 
and trees, turf planting strips, curbs, walks, and street railways, lamp or tele- 
graph posts, fire hydrants, man-hole covers, catch-basins, and sewer, water 
and gas pipes, if any, in these roads. Indicate width of travelled ways, side- 
walks and planting strips by figures if established by public authorities. Show 
by broken lines all proposed public roads and private rights-of-way bordering 
on, leading to, or within the property. 
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6. Interior Features. 

Survey and indicate on the map all interior roads, drives, cart tracks, 
wood roads, walks, trails, hydrants, water, gas and sewer pipes, ciiltivated 
areas, fences, walls, pits, quarries, ledges, large boulders, ditches, culverts, 
catch-basins, watercourses, ponds, swamps, springs, wells, cisterns, and out- 
lines of all buildings, showing outside doors, steps, cellar bulkheads, veran- 
das, terraces, etc., belonging to them. Give minimum dimensions of all 
culverts. 

7. Trees and Fouage. 

Indicate on the map by sketchy lines the overhang of branches of isolated 
trees, important trees in the midst of woods and masses of trees and of high 
bushes. Locate accurately and show on the map by strong dots all isolated 
trees over three inches in diameter of trunk, and all the principal trees along 
fence lines, along the margin of bodies of wood, and the best of the trees in 
the midst of woods. Unless otherwise directed the kind of every tree so 
located is to be. indicated on the map by letters forming abbreviations of their 
common names. The following abbreviations for the commoner sorts of 
trees are recommended: 



Apple Ap. 

Arbor vita; Arb. 

Ash A. 

Basswood Bass 

Beech B. 

Birch Br. 

Catalpa Cat. 

Cedar Ced. 

Cherry Chr. 

Chestnut C. 

Elm E. 

Hard pine H. P. 

Hemlock H. 

Hickorynut Hie. 

Hombesun Horn. 

Horse Chestnut H. C. 

Ironwood Irw. 

Live Oak L. Ok. 



Locust Lo. 

Magnolia Mg. 

Norway Maple N. Mp. 

Peach Pch. 

Pear Pr. 

Poplar Pop. 

Red Maple R. Mp. 

Red Oak R. Ok. 

Silver Maple Si. Mp. 

Spruce Sp. 

Sugar Maple Su. Mp. 

Sweet Gum S. G. 

Sycamore Syc. 

Thorn Thr. 

Tulip Tp. 

White Oak W. Ok. 

White Pine W. P. 

Willow W. 



The diameter of the trunk of each tree four feet above ground is to be indicated 
in feet and tenths. In woods state the predominating kinds of trees and 
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average height of the taller trees. Unless otherwise directed, each tree located 
is to have affixed, horizontally, to its south side, five feet above the ground, 
by a hard brass wire nail one and one-half inches long, a hard brass label 
one-thinieth of an inch thick, three-fourths of an inch wide, and three inches 
long, with a number four-tenths of an inch high stamped upon it, the last 
digit to be at least one inch from the nail hole to allow for growth of tree. 
The nail hole should be near righthand end so label can be held by left hand 
while nail is being driven. A memorandum book is to be furnished by the 
surveyor in case the trees are thus numbered giving the number of each tree, 
its common or botanical name, and the diameter of its trunk four feet above 
the ground, this list to be preceded by a key containing the various names 
used and followed by the abbreviation adopted for each. 

8. Contours. 

Show contour lines for each foot of elevation, except on very steep, high 
banks, where they may be for every hve feet of elevation, and except on the 
face of cliffs and irregular ledges, where they may be omitted. The contours 
are to show all irregularities of surface, steep banks along roadsides, and 
gravel pits, mounds, dumps, washouts and the like. The contours are to be 
numbered on the map at frequent intervals. If the contours do not dearly 
show any well marked forms of the ground, such as low, artifidal banks or 
terraces, these should be indicated by additional signs of some sort. The 
office plotting of contours by the method of interpolation is less satisfactory 
than the locating of numerous points on the contours and the plotting of the 
contours and other features in the field at the time of locating points. 

9. Elevations. 

Give figures of elevation to the nearest tenth of a foot along center line 
of all roads bounding upon, leading to, and within the property with suffident 
frequency to indicate gradients or changes in gradient. Give figures of eleva- 
tion of normal surface of water in ponds, brooks, and swamps. Give figures 
of elevation of summits, or salient points on ledges, and of bowl-shaped 
depressions. Give figures of elevation of the top of the first floor and of the 
basement or cellar floor of ail buildings, and of the ground at their entrances, 
and at foot of outside flights of steps. Give elevation at top and bottom of 
all other flights of steps. Give figures of elevation of bottom at each end of 
every culvert, on top of retaining walls and dams, at intervals on rails of 
railroads, especially at grade crossings, and at overhead or under crossing 
bridges and over culverts. Where contours are more than 200 feet apart, 
give figures of elevation to nearest tenth of a foot at every cross section stake, 
when these are called for. Give figure of elevation of ground on uphill side 
of base of trunk of each tree shown on plan. 
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10. Datum. 

The city or town datum is to be used when practicable. In case some 
other arbitrary datimi is assiuned, it should be so low that minus figures of ele- 
vation will not be needed. In case the property is upon or near the seashore 
or a lake or large river, and a city datum is not used, the datum should be 
the low water elevation of the sea, or the normal elevation of the lake or river. 

11. Bench Marks. 

Suitable bench marks are to be selected at least one in each 1,000 foot 
square, using a spike near base of a tree or fence post, if nothing better is at 
hand, and these bench marks are to be indicated on the map by the letters 
B. M., followed by figures giving the elevation in feet and himdredths. 

12. Accuracy. 

In measuring cross section squares and setting cross section stakes, 
or in locating and setting stakes for plane-table, stadia, transit or triangulation 
stations, the error, from one corner or station or stake to the next, is not to 
exceed one-half of one per cent in distances of 500 feet or less, and is not to 
exceed one-quarter of one per cent in distances of 500 feet to 1000 feet, and is 
not to exceed one-tenth of one per cent in distances of 1000 feet to 5000 feet. 
In locating boundaries, bound marks, streets, buildings, retaining walls, and 
other objects having formal or definite shape, the error in reference to adjoining 
cross section stakes is not to exceed one foot. The error in locating trees, 
dry -boulder walls, ditches, brooks, ponds, swamps and springs, ledges, large 
boulders, quarries, gravel pits, and washouts is not to exceed two feet. The 
error in surveying elevations is not to exceed one-tenth foot for all bench 
marks, buildings, walls, tracks, culverts, macadamized drives, and other 
definite constructions, and is not to exceed five-tenths foot for ground at cross 
section stakes, for summits and hollows, and for water surfaces. The error in 
contours is not to exceed that which would normally result from carefully 
estimating by the eye their difference from what they would be if the slope 
were straight from one cross section stake to the next, or, in case there are no 
cross section stakes, between points of elevation equally numerous but 
irregularly located. 

13. Draughting. 

The map is to be a tracing drawn on the rough side of tracing cloth. All 
lines, including contours, figures and lettering, are to be drawn with black ink; 
ever}' fifth contour is to be drawn with a heavier line. The contours are to be 
numbered on the map at frequent intervals. All lines are to be strong enough, 
and all lettering and figures simple enough and large enough, to show well 
on sunprints, or when reduced by photolithography to one-third scale. No 
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wash color is to be used. Indicate water areas by water lining. Mark 
true and magnetic meridians by simple arrows near the margin of the map, 
with the variation of the compass in figures when known exacdy. Make 
the tide small and simple, giving the owner's and surveyor's names, locality, 
and date of completion of survey, and place it, together with a graphical scale, 
dose to the bottom of the map, omitting border lines, so that the map may be 
sunprinted in combination with a separate tradng of the design without 
interference of titles. In general it is preferable to have the map longer 
from right to left than top to bottom, and the property should be located 
upon it preferably so as to be seen as one would ordinarily approach it, or 
with the front toward the bottom of the map. Or, if the approach seems 
unimportant, the north of the property should be towards the top of the map. 

14. Shipping Map. 

The tracing of the map is to be sent to us, rolled upon a stout, round 
stick. We will send such a stick if requested. 

15. Bill. 

The bill for the work done is to be made out against the owner of the 
property, but sent to us for approval. 



INDEX. 



AbernUioa, diumalt loa. 
Accuracy 

of base-lines, 30. 

of borizoQtal angles, 44. 

of vertical angles, 123 

reqtiired on landscape plana» 423. 
Acetylene lights, 34. 
Acre-foot, 314. 
Adjustment 

of alidade, 196. 

of camera, aaS. 

of sextant, 378. 

of traverses, 57. 

of triangulation, 46. 
Airy's formula, 137. 
Alaska, 334. 
Alidade, 194. 
Alloy, 35. 
Alluvial fans, 363. 
Alpine gladation, 361. 
Altitude, 

angular, 63. 

scale, 134, 143. 
American Ephemeris and Nautical Almanac 68, 

383. 

American Sodety of Civil Engineers, 349' 

Anchor bolts, 12. 

Aneroid barometer, 6, 130, 133, 333. 

Angle ircHi, 330. 

Angles, 

azimuth, 160. 

deflection, 361. 

vertical, 30, 133, 161. 
Annual fluctuations, 317. 
Apex, 353. 

Apparatus, base-line, 34, 36. 
Apparent time, 68. 
Aporoach, 

channel, 339. 

velocity of, 328, 330. 
Approximations, 73. 
Aqueduct, Catskill, 133. 
Arc, stadia, i8a. 

Architects, landscape, 160, 314, 377. 
Arms, of bridge, 36. 
Artifldal 

channels, 339. 

horizon, 283. 

turning points, no, 116, 133. 
Astronomical 

observatioDS, 48. 

time, 68. 
Automatic gauge, 319. 
Axis, 61. 
Azimuth, 

astronomical, 49, 61, 63. 

calculation of, 100. 

cup, 194- 

in reduction to center, 44. 

in stadia surveys, 160. 

mark, 97, 99. 

observation, 165. 

plotting, 361. 



Back 

-azimuth, 53. 

water, 339. 
Baltimore triangulation, 7. 
Bands, on signal, 17, 30. 



eroded, 376. 

of stream, 371. 
Barnes, Pierce and, 149. 
Barometer, 

aneroid, 133, 333. 

mercurial, 131. 

use in reconnoissance. 6. 
Baxxxnetric leveling, 130. 
Barrows, H. K., 313. 
Base-line, 

accuracy of, 90- 

for hvdrogra^ic surveying, 374. 

for imotographic surveying, 336. 

for plane-table survey, 198, 300, 310, 333. 

for triangulation. 5. 

measuring apparatus, 34, 36. 

of mountain, 357. 

of New England, 8. 
Base-net, 7. 
Battery, 36, 333. 
Bazin formula, 338. 
Beaman, W. M., 185- 
Bearings, magnetic, 30, 164, 174. 
Bed, of stream, 314. 
Bench Marks, 

in hydrographic surveying, 371, 388, 391. 

in plane taMe surveying, sii, 314. 

in predse leveling, 108, 118. 

in stadia surveying, 169, 187. 

in trigonometric leveling, 133. 

on landscape plans, 42^. 
Berliner Astronomisches Jahrbuch, 88. 
Bessel's Method, 303. 
Binoculars, 114. 
Blades, of current meter, 334. 
Block, 

fault. 3<;7. 

mountain, 357. 
Boat, 385. 
Bolt, 

anchor, 13. 

for signal, 10. 

to mark station, 8. 
Boone's projection, 354. 
Bor^Hlne, 383. 
BonW Pit Method, 373. 3io. 
Boundaries, 376. 420. 
Boundary surveys, 57. 
Braces, for signal, 10. 
Bradley, H. C., 38. 
Branner, J. C, 349. 
Brickwork, 316. 
Bridge, 323, 334. 
Buoys, 387. 
Burton, A. E., 38. 
Buzser, 333. 
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Cable, 3^4. 
Calculation of 
azimuth, 100. 
a>nstant fur LeTel, 1 19. 
difference in height, 
by barometer. 135. 
by ph(X(jgraphs, 340. 
by stadia, 175. 
by vertical anKlcs, 134. 
discharge. 327. 337. 
geodetic posit it in. 50. 
hour anRle of star, 77, 88. 
latitude, q^ 
quantity dredRed, 310. 
spherical excess, 43. 
time. 75. 
traverse, 57. 
triangles, 46, 269. 
velocity, 315. 
Camera, 226. 
CampMI. Cw. A., 28. 
C3iinadian sur\cys, 224. 
Canyon. 263. 

Capacity of reservoirs, 273. 
Car. 334. 
Catenary, 31. 
Calskill, Aqueduct, 122. 
Cells, dry, 27, 320. 
Cement, 316. 
Cemetery, 192. 
Center 
mark, 10, 20, 44. 
ofHical, 151. 225. 
reduction to, 44. 
Centering, 202. 
Chain 
gauge, 290, 319. 
of anerrrid. 133. 
of level rod, 114. 
of quadrilaterals, 4. 
of triangles, 3. 
Chamois skin, 131. 
Channel 
approach, 329. 
open, 313. 
Chart, 

Government, 366. 
hydr«»j?raphic, 379. 
polar, 348. 
star. 88. 
Chauvenet, W., 48, 61, ox. 
Check 
on traverses. 57. 164. 
on triangulation, 3, 4. 
Chczy formula, 315. 
Chronf)mctcr, 49, 69, 92. 
Church's diagrams. 317. 
Circles, position, 205. 
Circuit, 27. 

Circular level, iii, 114. 
Circumpolar, 65, 97, 98. 
Cirques, 257, 261. 
Cistern, of barometer, 131. 
Ci\'il time, 68. 
Clamps, 195. 
Clark, A. R., 128. 
Coast .ind Geodetic Survey, U. S., 
diaphragms, 195. 
errors of closure, 44. 
instructions, 40. 
level, 112, 118, 122. 
leveling methods, 117. 
leveling rod, 114, 
maps, 368, 372, 370. 
ol)servations at night, 24. 
prcdac levels, 108. 



Coart and Geodetic Survey (Conunucd) 
precision in leveling, 121. 
rods, 196. 
tape apparatus, 24. 
triangulation, 5. 

use of prJyconjc projeclicm. 355. 
Code, heliotrope, 20. 
Coefficient of 
expansion, 25. 114. 
Kutter's formula, 315. 
refractioo, 126. 
Colcws 
of flags. 293, 298. 
on mafjs, 364, 377. 
C(>mpens»tion, of aneroid, 135. 
ComimLition {fee Calculation). 
Comst<M;k. G. C, 88. 
Conditions, geometric, 4. 
Conduit. 314. 
Cone, of ra>'s, 23. 
Conic projection, 352. 
Conjugate foci, 152. 
Constants 
geodetic positions, 51 . 
prism level, 119. 
stadia, 153. 
Construction of weir, 330. 
Contour interval, 254. 
sketching, 218, 377. 
Contours 

from photographs, 245. 
for landscajjc plan. 422. 
in h>-dr(tgraphy, 272. 
Contractor. 310. 
Contractions, end, 327. 
Control of sur>'ey, 3. 
Conventional .signs, 

hydriigrauhic, 380. 
^ topographic, 368. 
CoSrdinates 
of ol>ser\*er, 64. 
rectangular, 56, 361. 
spherical. 62. 
CopixT Uilts, 8, 30. 
Corps of Engineers, U. S^ 111, 117, 292, 303 

Corrections, 
altitudes, 72. 
Ixirometric heights, 136. 
base-lines, 30. 

curvature and refraction, 17, 130, 212, 214. 
horizontal, 158. 
phase, 41. 
run, 37.41. 
spherical exccs.s, 43. 
Counterpoise, 28. 
Crandall, C. L., 50. 
Cniyon.s, colored, 375. 
Crest, of weir, 327, 329, 330. 
Cro!« brace, x6. 
Cross-hair, 
arrangement of, 36, 38. 
illumination of, 75, 99. 
of heliotrope, 21. 
Cross-sections, 419. 
Culmination. 66. 
Cultivated land, 371, 419. 
Cup, 
azimuth, 194. 
leveling, 194. 
of current meter, 320. 
Current, 
direction of, 380. 
electric, 27. 
meter, 320. 
tidal, 311. 
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Curvature 

and refraction, 17, 130, aia, 214. 

correction, 100. 

of star's iMith, 94. 
Cut-off cylinder, 30. 
Cylinder 

cut-off, 30. 

projection on. 351. 

Dam, 314, 326, 331. 339. 
Datum, 122. 219. 306, 379, 423. 
Deciduous trees, 373. 
Declination, 63. 

Dedinatoire, 195, 201. 217, 221. 
Deflection angles, 361. 
Departure, 57. 
Description of station, 19- 
Detached thermometer, 136, 138. 
Deville, E., 231. 
Diagonal 
mirror, 7^. 
of quadrilateral, 4. 
scale, 367. 
Diagrams for 
churches, 317. 
hydraulic formulas, ji6. 
reducing stadia readings, 176. 
stadia rods, 149. 
Dial of 
aneroid. 134. 
thermophonc, 27. 
Diaphragm, 195. 
Differential 
decUmition, 84. 
time, 84. 
Dimensions 
of paper, 365. 
of signal, 10, 123. 
Dinghv, 285. 
Dip of horizon, 73, 282. 
Direction instrument, 33, 36, 99. 
Disappearing stadia hairs, 148. 
Discfiarge, 313. 328. 329. 
Displacement of scow, 311. 
Distance 
line, 236. 
stadia. 162. 
Distortion. 345. 
Diurnal alxTration, 102. 
Docks, 192. 

Dome mountain, 257, 261. 
Doolittlc. ('. L.. 61". 
Double-roddfd lines, 109, 120. 
Douglas. E M., 116. 
Draftsman, 167. 364, 369, 372. 
Drag, 285. 

Drainage areas, 272, 313. 
Dredgc"d material, 310. 
Dredging. 305. 310, 380. 
Drill-hole, 8, 12. 420. 
Dry cells. 27, 320. 
Dumpy level, iii, X14, 121, 122. 

Earth 

camils, 316. 

figure of, 49. 

radius of, 31. 43, 125. 
Eccentric station, 44, 235. 
Ecliptic, 62. 
Eddies, in stream, 3x5. 
Electric 

circuit, 322. 

current, 27. 

potential, 27. 

resistance, 28. 

wires, 323. 



Elevation of plane table, aix. 

EULs Theo. C^ 130. 

Elongation. 65, 102. 

End area method, 273, 310. 

End contractions, 327. 

Engineer Corps, 11 1, 117, 292, 303, 364. 

Engraver, 363. 

Enlargement of map, 256. 

Ephemeris American, 68. 

Epping Base, 9. 

Equal altitude, 

circle of, 84. 

equation of, 85. 

method, 82. 
Equation 

of equal altitude, 85 . 

of time. 68. 
Equator, 62, 88. 
Equatorial system, 6a. 
Equinox, 62. 
Eroded banks, 376, 378. 
Error 

of closure, 44, 46. 

of leveling, 108. 

of runs, 37. 

triangle of, 204. 
European maps, 368. 
Evergreen trees, 373. 
Expansion, 

coeflicient of, 25, 114. 

of base, 7. 
Explcmcnt, 39. 
Expression, map, 252. 

Facet.s, 2^7. 
Fans, alluvial, 263. 
Fan-shaped 

ranges, 298. 

rows in representing sand, 372. 
Fathoms, 380. 
Fault block. 257. 
Fictitious sun, 67. 
Field glas.scs, 6, 25. 30. 
Fire Island base, 8. 
Fixed stadia hairs, 148. 
Flags, for signals, 14, 17, 287, 294. 
Flemer, J. A., 224. 
Flexible rods, 149. 
Float 

gauge, 319. 

rod, 320. 

surface, 311, 320. 

tul)e. 320. 
Floating ice, 320, 326. 
Flow 

of water. 313. 
steady, 31 j. 
uniform, 314. 

freshet, 320. 
Fluctuation.s, 317. 
Focal length, 152. 230. 
I''oot pin.s. no, 116, 122. 
Forms, index, 257. 
Formula, 

Airy's, 137. 

Bazin, 328. 

Chezy, 315. 

Francis, 328. 

Fteley and Steams, 328. 

Herschel's, 329. 

Kutter'.s, 315, 327. 

La place '.s, 135. 

Maclaurin'.s 50. 

Schuckburg's, 137. 
Fortin barometer, 130. 
Fiands formula, 338. 
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Fresh marsh, 371. 

Freshet flow, 320. 

Fteley and Stearns formula, 338. 

Fteley meter, 324. 



Gallons, 313. 
Galvanometer, a?. 
GanKuillet and Kutter, 315. 
Gannett. H^ 248. 
Gasolene, 285. 
Gauge, 

automatic, 319, 335, 339. 

chain, 290. 

float, 319. 

hook, 318. 

rain. 314. 

reader, 294. 

river, 290. 

staff, 318. 

tide, 28S. 
Geodetic pontions, 

computation of. 50. 
Geological Survey. U. S, 

gauges, 291. 

Eiuging, 336. 
vels, 108. 

leveling methods, 120. 

maps, 249, 273, 368. 

ix-ecisioo in leveling, 121. 

rod, 116. 

traverses, 222. 
Geology, 246. 
German silver, 26. 
Gillot's pen, 379. 
Glaciation, alpine, 261. 
Gnomonic projection, 348. 
Gothic letters, 383. 
Grading, 419. 

Graphical triangulation, 199. 
Grass, 369, 
Gravity, 

acceleration of, 314, 329. 

corrections, 136. 

direction of, 61. 
Gravel, 316, 372. 
Great circle, 348. 
Greenwich time, 64, 68. . 
Ground 

glass, 226. 

line, 2tc. 
Grover, Hoyt and, 313. 
Guyed mast, 17. 

Hachurcs, 378. 

Half interval, 163, 774, 195. 

Hand level, 218, 274. 

Hanging valleys, 257, 261. 

Harbor surveys, 268. 

Haskell meter, 323. 

Hayford, J. F., 29, 46, 61, lox. 

Head, of water, 313, 326, 328. 

Hei{(ht of instrument, 162. 

Hehcoidal blades. 324. 

Heliotrope, 

for reconnoissance, 6. 

improvised, 21. 

Steinheil, 22. 

telescopic 90. 

use of, 38. 
Hemisphere, 346 . 
Hering and Trautwine, 3x5. 
Herschd's formula, 329. 
High-water mark, 271, 327, 380. 
Hogback, 257, a6i. 
Hook gaugt, 3x8, 326. 328. 



Horixan, 

apparent, 983. 

artificial, 283. 

defined, 6x. 

class. 276. 

Bne, 228. 

system, 6a. 

true, a82. 
Hoiuaatal 

angles, 39. 40, 44. 

correctioo, 158, 176. 
Hortoo, Swan and, 317. 
Hour 

angle. 63. 

drde, 63. 
Hoyt and Grover, 313. 
Hydraulic 

mean depth, 315. 

radius, 31^. 
Hydrographic 

maps, 310, 380. 



ing, 267. 
iph, 196. 



Hypaogra] 



floating, 319, <ao, 336. 

soundings under, 370, 305. 

velocity measurements under, 338. 
niuminatioQ of cross-hairs, 75, 99. 
Impnnrised 

gauge, 289. 

heliotrope, ax. 
Inch, miner's, 3x3. 
Indeterminate positioD, ao8. 
Index 

arm, ays. 

correction 
alidade, 195. 
barometer, 138. 
equal altitudes, 87. 
sextant, 379. 
stadia, 148, 186. 
trifonometric leveling. xa3. 

forms, 257. 

glass, 276. 
Inscribed quadrilateral, ao8. 
Institution, 192. 
Instruments, 

barcHneter, X30. 

base-lines, 24, a6. 

direction, 33, 36-^. 

floats, 311, 3x9. 

gauges, 288, 3x8. 

hei^t of. x6a. 

honzontal angles, 33, 36. 

meters, 320. 

photographic 926. 

plane Uble, 193, 203. 

precise leveling, xxx. 

repeating, 33, 34, xoo. 

stability of. 33, 38, 74, no, xii. 
InsuUted wire, 27. 
Integration, 336. 
Intersection, 198, 939. 
Intersection lines, aoo. 
"Invar" tapes, 95. 
Inverse problem, 53. 
Iron, 316. 
Iron, angle, 330. 
Irrigation, 3x4. 

iahrbuch, Berliner Astronomiadies. 88. 
ames, G. C 77. 
ohnsoo, W. D., X93. 
D. W., 9]|6. 
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Toiat, 10, 311. 
Jupiter, 89. 

Kern 

level. III. 

slide rule, 178- 
Knife-edge, a8. 
Kutter's lormula, 315, 337' 

"L^M-Z" problem, 53. 

Lake Survey, U. S., 11 1, 121, 269, 364. 

LandiKape architects' plans, 160, 314. 37Si 4i9- 

Lantern, 7^. 

Laplace's tomula, 135. 

Latitude, 

accuracy required, 74. 

and departure, 57. 

calculation of, 50. 

definition of, 64. 

for equal altitudes, 88. 

observation for, 49, 93. 

of triangulation point, 221, 359. 
Law of lenses, 152. 
Lead, 287. 
Lead-line, 284, 386. 
Leadsman, 285. 

Least Squares, Method of, 44, 46, 56. 
Ledge, 12, 373, 419. 
Lehmann's Method, 303. 
Lens, 22, 151. 235. 
Letters, 380. 
Uvel, 

circular, 11 1. 

correction, loa. 

dumpy, zxx. 

for rod, no. 

striding, 99. 

wye, HI. 
Leveling, 

barometeric, 130. 

cup. 194- 

precise, 108. 

trigonometric, 123. 
List, of stars, 190. 
Longitude, 

calculation of, 50. 

definition of, 64. 

observation for, 49, 93. 

of triangulation p(Hnt, 33X, 359. 
Loxodrome, 353. 

Maclaurin's theorem, 50. 
Magnetic bearings, ao, 164, 174. 
Manometer, 319. 
Map 

expression, 353. 

projections, 345. 
Mark« 

aamuth, 97, 99. 

for station, 8. 
Marsh, 371. 
Massachusetts 

Base, 8. 

Harbor and Land Commisaoi^ 193. 

Institute of Technology, 36. 
Mast, of signal, 10, 17. 
Material, dredged, 310. 
Matthes, F. E.. 346, 350. 
Matthes, G. H., 179. 
Mean 

sea level, 133. 

sun, 67. 

time, 68. 
Measuring 

base-line, 39. 

elevationa, 108, xa3, 130. 



Measuring (Continued) 

flow of streams, 313. 

horizontal angles, 39, 40. 
Mendenhall level, 113. 
Mercator's projection, 346, 350. 
Mercurial barometer, 130. 
Mercury 

basin, 283. 

planet, 89. 
Meridian, 57, 62 160, 349, 361, 383, 424. 
Mcrriman, M., 315, 330. 
Metal plugs, 114. 
Meter 

ciirrent, 330. 

Ftcley, 324. 

Haskell, 333. 

Price, 331. 
Method of Least Squares, 44. 46, 56. 
Metric scale, 114. 
Micrometer, iii, 114, xi6, 117. 
Micrometer microscope, 36. 
Miner's inch, 313. 
Mirror, 

diafconal, 75- 

heliotrope, ao. 

precise level, xio. 
Mississippi River Survey, 108, i3x. 
MoUtor, D. A., 116. 
Molitor rod, 114, 122. 
Monument, 8. 
Moon's parallax, 73. 
Mountain, 

liase-line of, 257. 

block, 257. 

clouds on, 224. 

dome, 257, 361. 

for triangulation station, 6, 234. 



Nappe, 330. 

Nautical Almanac, 68, 282. 

Navigat<»', 368, 379. 

Negative, 225. 

New England, triangulation, 8. 

New York rod, 122, 153. 

Nickel-steel, 25. 

Night observations, 34. 

Nipple, 323. 

Nodal points, 326. 

Normal tension, 39, 33. 

Notches, 

in camera, 337, 330. 

in weir, 337. 
Note-book, 

description of station, X9. 

hydrographic work, 371, 303t 3ii* 

stadia, 160. 

Oak trees, 374. 
Oarsman, 293. 
Observations, 

astronomical, 48. 

aidmuth, 65. 

latitude, 49, 93. 

longitude, 49, 93. 
Observer, coordinates of, 64 
Observing, 

hints on, 74. 

staikd, 19. 

tower, 7, X9. 
Occupying station, 38. 
Ocean shore lines, 370. 
Offset, curvature, X9. 
Olmstead Brothers, 419. 
Optical center, X5x, 225. 
Orchard, 375. 
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I" :. j'l* I'.h: J r</d. 121, l6a. 

fi ;>r ^-J j<i|.fl. ^63, 364, 

">ijri«-\iri/ 2^1 
F'h'/'Hi'h'vr iph\. 42J. 
I'lr. -i'«jtrii|>lj>, 2/>}. 

plane, 22 s- 

Vu-T, for tri.-in'/ulati'jn. 38. 

I*i< rr<' ;inrl H.im«-.s 140. 

F*ir//m(<t«T. mo. 

Pins, for tuniinx prjints, no, 116, 123. 

\*'\\<A, 40, ri2. 

I'bnr I ahic 

nicth'jd, iQi. 

I«5ijx*r. 219. 

^h4•t•t, 220. 
PI ink. 3^o. 
I'iiiritinK. 41Q. 
Pla-liT, 3»6. 
I*l.itr'* 

for tuminj? prnnt«», no. 

s<-n iti/td. 226. 
Plotting 

a/iniiiihv 361. 

vjunfliiiK-', 30<>. 

sl;iflia, iKo. 

with i>l;inr table, 191. 
Plti^js, m«t.il, 114. 
Pliittib Ixjb, 319. 
Prn k.t 

romiKiss, 6. 

tai*<-, 167. 
P«H k( ts, of scdW. 310. 
Polar 

<hart. 348- 

distant e, 6^. 
Pf»l.iris, 7^. 03. 08. 
Polaris, vcriiral circle throuRh, 77. 
Poirs, I /J, 16, 38. 62. 
Pf>ly(onir prf)j(rtion, 221, 3S5. 
Polygons, system of, 4. 
Posiii«»n (inles, 205. 
Potential, elettrical, 27. 
Pretipitalirm, 314. 
Pre< is<- 

leveling, 108. 

stadia measurements, 190. 
Pressure, 

air, 130. 

curve. 138. 
Price meter. 321. 
Primary triangulati(n, 5. 
Principal 

line, aa8. 
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f* tr.:>. •26. 
Prnt. 2-5 

P'-.-'" \r\A, 111, 114. 
P-^r^^'i* e^»-|4ct.c, 74. 
Pri-- 4d. 27 J. 
Pr ^««-« '. €1. 

pr«>i'*iir. 221. 

re**-tr.,r-i-ir, 221. 
Pr <r^<i>4-. I No, 307. 
Pr<4r^<T <". thrrr-aim. ^7. 
Pulvi[i<«is lA ti<»w. 32^. 

Qujdrint. 276. 

Ovi .dn.jterji. BrSfHc-I's iiytrilird. 203, 20S. 

iixiMln'uticrAs, ^y-acra «»i. 4. 

Rid. is. 

hsdraulic. 315. 

of earth 31, 43, 125. 

of fMn 1 lei. 3^6. 
Railf'jad cur*e>. 358. 
Rain gaujje. 314. 
Range. 201;. 2i«4, 297. 
R.il(htt wbeci. 28. 
Rating 

curve. 325. 340. 

m<-tcrs i2S- 
Ravine, 147. 190, 252, 256. 
Rays, cone of, 23. 
R econnriissance, 

barometer for. 108. 

for base-line. 7. 

for triangulalion scheme, 6. 
Recorder, 292. 
Records, 

for l>arometer. 139. 

ictc tri angulation, 41. 
Rectangular 

CJjQrdinates, 361. 

projection, 221. 346, 349. 
Reduction 

diagram, 176. 

of map, 256. 

to center, 44. 

to sea level, 31. 
Reed, H. A., 368. 
Retlecting cirde, 281. 
Reflector, 75. 
Refraction 

coefliicicnt, 126. 

curvature and, 17. 

ern»r in leveling, 109. 

in altitude, 72. 

in leveling, 124. 

in triangulalion, 41. 
Reinhardt letters, 383. 
Repeating instrument, 33, 34, i<». 
Reprcxiuction, photographic, 363, 364. 
Resection, 202. 
Reservoir, capacity, 373. 
Resistances, electrical, 28. 
Right ascension, 64. 
Rings, heliotrope, 20. 
River gauge, 290. 
Rod, 

flexible, 149. 

float, 320. 

interval, 152. 

level, no, 117. 

New York, 122, 153. 

Philadelphia, 121, 162. 

plane-table, 196. 

stadia, 149- 
Roman letten. 383. 
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Rough Surveys, 189. 

Round-leaf, 373- 

Rowboat, 285. 

Run-off, 313. 

Run of micrometer, 37, 41. 

Sag correction, 31. 
Salt marsh, 371. 
Sandf 371. 
Scale, 

construction of, 365. 

diagonal, 367. 

enlarging and reducing, 357. 

photographic surveying, 334, 340. 

plane-table surveying, 191, 214. 

selection of, 254. 

vard, 116, 121- 
Scnuckburg's formula, 137. 
Scow measurement, 310. 
Sea level, reduction to, 31. 
Seares, F. H., 77. 
Seasonal fluctuations, 317. 
Second-feet, ^13. 
Secondary tnangulatioa, 5. 
Sections, in levding, 1x8. 
Semi-diameter, 73. 
Sensitized plate, 336. 
Settling of tripod, 109* 
Sextant, 374. 
Shading on maps, 377* 
Shaft 

of aneroid, 133. 

of meter, 331. 
Sheet, of water, 337. 
Shield, wind, no, xi6. 
Shore-lines, 367, 373. 
Shots, 367, 370. 
Shrubs, 375. 

Side shots 160, 367. 270. 36t . 
Sidereal time, 67, 70. 
Signalman, 393. 



17- 

for h^drographic work, 387. 

ioT mght observations, 24. 

for topographical sxirveys, 14. 

for tnangulation, 7, 10. 

guyed, 17. 

towers, 17. 
Silt, 320. 

Silver, German, 26. 
Simultaneous observations, 124. 
Sketching contours, 218. 
Slide rule, 1741 178. 
Slope 

correction, 30. 

method of measuring flow, 326. 
Smith, Hamilton, 328, 330. 
Smith, L. S., X54- 
Sotmding 

party, 293. 

•pole, 284. 
Soundings, 

defined, 284. 

locating, 296. 

on map, 379. 

through ice, 30^. 
Sources of error, leveling, 108. 
Specht, G. J., 156. 

Specification for landscape plans, 419. 
Spherical 

coordinate, 63, 345. 

excess, 43, 56. 
Spheroid, 49, 125. 
Spillway, 273. 
Spring balance, 34, 56. 



Spur, 357- 

Stability of instrument, 33, 38, 74, no, in. 

Stadia 

arc 184. 

for locating soundings, 304. 

for locating cross section stakes, 419. 

hairs, no, 147. 

leveling, 186. 

method. 147. 

notes, 167. 

precision of, 165. 

reduction diagram, 176. 

rods, 1-49- 

slide rule, 178. 

tables, 175. 

traverse, 163. 
Staff gauge. 318. 
Stage, of river, 391. 
Stakes, for base-line, 34. 
Stampfer level, in, 117. 
Standard 

time^ 73, 93. 

weir, 337. 
Star 

chart, 88. 

circumpolar, 65, 98. 

list, 90. 

time, 78. 
Station, 

description of, 19. 

eccentric, 44, 335. 

error, 49. 

plane table, 300. 

triangulation, 7. 
Steady flow, 314. 
Steams, Fteley and, 338. 
Steel, 

nickel, 35. 

pegs, 122. 

tapes, 3A. 
Stereographic projection, 346. 
Storage Ixisins, 372, 314. 
Straight-edge, 194, 197, 200, 371. 
Striding level, 36, 99, in, 194. 197 
Subaqueous 

contours, 380. 

surveys, 284. 
Submerged 

areas, 384. 

weir. 329. 
Sub-surface 

mark, 8. 

method, 336. 
Summit, 10. 
Sun, 

fictitious, 67. 

observations, 165. 
Sun's parallax, 73. 
Suppressed weir, 338. 
Surface 

curve, 328. 

float. 330. 

mark, 8. 
Swamp, 371, 380. 
Swan and Horton, 317. 
Switzerland, 368. 



Tags, 287. 
Tapes, 

" Invar," 35. 

pocket, 167. 

steel, 134. 
Telegraph, longitudes by, 49. 
Telemeter, 147. 
Telephone receiver, 28, 322. 
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Temperature 
correctioD. 3f, aj, 31- 
correctioQ (air). 136. 
effect on level, 109, 114. 
of mercury, 136. 
TeDsioo 
apparatus, 35, 99. 
correctioD, 33. 
handle, 56. 
normal, 33. 
on tape, 34. 
Tent, for trianguladon, 38. 
Terraces, 419. 
Terra cotta, 316. 
Tertiary triangulation, $. 
Texture, of topography, 355. 
Thermometers, 35, 133, 136. 
Thermophooe, at. 
Thin^edged weir, 397. 
Three-arm protractor, 307. 
Three-point Problem, 
angles from boat, 303. 
by jdane table, 191, 303, 3 16, 933. 
by protractor. ^. 
geometric solution. 309. 
trigonometric solution, 47. 
Thumb-Screws, 195. 
Tide-gauge, 388, 395. 
Tides, 388, 301, 313. 
Timber, 316, 330. 
Time, 
apparent, 68. 
astronomical, 68. 
civil, 68. 
equation of, 68. 
Greenwich, 64, 68. 
Standard, 73, 93. 
-star, 78. 
Title, 383. 

Topographical signal, 14. 
Topography 
by photography, 334. 
by plane taUe, 191. 
by stadia, 160, 168. 
relation of geology to. 946. 
texture of, 955. 
Towers, 7, 17- 
Trace, picture, 935. 
Tracing 
cloth, 75, 493. 
paper, 306, 363. 
Transit, 66. 

Trautwine, Hering and, 315. 
Traverses 

by plane table, 317. 
by stadia, 163, 490. 
for hydrography, 967. 
plotting, 361. 
tape, 3, 56, 430. 
Traverse plane table, 391. 
Trees, 
conventional sign, 373. 
deciduous, 373. 
evergreen, 374. 
oak, 374. 

on landscape plans, 419, 491. 
Triangle of error, 303, 304. 
Triangles, chain of, 3. 
Triangulation, 
computation of, 46, 369. 
for hvdrography, 968. 
for photographic surveys, 333. 
for small siureys, 55. 



graphical, i99« 915, 9x6. 
of BaltiroOTe, 7. 



THanguUtian (Cootinncd) 

secondary, ^. 

signals, 7, 10. 

systems of, 3. 

tertiary, 5. 
Trigonometric leveling, 193, 911. 
Tripod, 

for barometer, 139. 

for base apparatus, 94. 

for plane Uble. 191. 

settfing of, ]09. 

signal, 10. 
Tropical year, 69. 
Tube, 390. 

Turning points, aitifida], no, it6, xaa. 
Two-paint Problem, 910. 

UmbreUa. ^ 

for leveling, no, 116. X99. 

for trianguiation, 38. 
Uniform, ^14. 
Universal loint, 95. 
Uranograpny, 88. 

Vacuum, 131. 

Valle>-s, hanging, 919, 957, 961. 

Vanes, 330. 

Velocity 

of approach, 398, 330. 

of flow, 315, 396. 
Venus, 89. 
Vernal equinox, 69. 
Vernier lever, 148, x86, 194, 197. 
Vertex, 348. 
Vertical 

angles, 90, 193, 161. 

drcle. 63, 77. 

de6ned, 61. 
Volcano, 957, 96x. 

Wainwright, D. B., X9x. 

Warren, H. E., 36. 

Watch reading, 78, 85, 95, 104. 

Water -Iming, 373. 424- 

Water Sup^y and Irngation Papers, 

Webb, W: L., 179. 

Wedges, for bolts, X9. 

Weir, 336, 339; 

Weir construction, 330. 

Wharves, 193, 195, 985. 

Wheel -nut, 35. 

Wheel 

meter, 390. 

ratchet, 38. 
Wheatstone's bridge, 96. 
Whipple, G. C, 96. 
Whitehall boat, 385. 
Williamson, R. S., 130. 
Wind, 13, 364, 365, 311, 3x3. 
Wind shield, xio, 1x6. 
Winter, surreys in, 970. 
Wire 

piys, 17. 

insulated, 97. 

piano, 333. 
Witness mark, 8, so. 
Wright and Hayford, 46. 
Wye level, xxi, X3x, X99, 194, 

Yard, scale, xi6, X9x 
Year, tropical, 69. 
Young, C. A., 88. 

Zenith, 

defined, 6x. 

distance, 69, 194. 

telescope, 49. 
Zipser, M. E., X99. 
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